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INTRODUCTION 
The NASA Hypersonic Research Engine (HRE) program ( r e f .  1 1 ,  a major 
c o n t r i b u t o r  t o  Scramjet  technology development, l ed  t o  t h e  use o f  r e c t a n g u l a r  
o f f s e t - f i n ,  p l a t e - f i n  c o o l a n t  passages i n  hydrogen-cooled engine s t r u c t u r e s .  
T h i s  program culminated i n  t h e  successfu l  design, f a b r i c a t i o n  and t e s t  o f  t h e  
f i r s t  I ightweight ,  hydrogen-cooled engine s t r u c t u r e .  The design I i f e  f o r  t h e  
HRE cooled s t r u c t u r e s  was 100 c y c l e s  and 10 hours, l i m i t e d  by creep and low- 
c y c l e  fa t igue.  
Subsequent research  a t  NASA-Langley led t o  a l i g h t w e i g h t ,  f ixed-geometry, 
modular, a i r f r a m e  i n t e g r a t e d  Scramjet  concept promis ing h i g h  i n s t a l l e d  perform- 
ance ( n e t  t h r u s t )  over a wide Mach number range. The Scramjet  des ign s tudy 
program ( r e f .  21, a l s o  sponsored by NASA, i s  an extens ion o f  t h e  p r e l i m i n a r y  
t h e r m a l - s t r u c t u r a l  des ign o f  an a i r f r a m e - i n t e g r a t e d  Scramjet s tudy conducted 
by NASA ( r e f .  3) and has d e f i n e d  a p r a c t i c a l  engine concept t h a t  has sound 
b a s i s  i n  m a t e r i a l s  and manufactur ing technology w i t h  emphasis placed on t h e  
engine t h e r m a l - s t r u c t u r a l  design. 
The advanced f a b r i c a t i o n  techniques program f o r  hydrogen-cooled engine 
s t r u c t u r e s  descr ibed i n  t h i s  r e p o r t  was undertaken i n  suppor t  o f  t h e  Scramjet  
design study. The o b j e c t i v e  was t o  develop c o o l a n t  passage geometries, 
m a t e r i a l  systems, and j o i n i n g  processes t h a t  would produce l o n g - l i f e  hydrogen 
cooled s t r u c t u r e s .  The program goal was t o  produce s t r u c t u r e s  w i t h  a f a t i g u e  
l i f e  two o r d e r s  o f  magnitude g r e a t e r  than those produced on t h e  HRE program. 
The se lec ted  panel s t r u c t u r e  had t o  y i e l d  adequate heat  t r a n s f e r  w i t h  an 
acceptable pressure drop and s u i t a b l e  s t r u c t u r a l  p r o p e r t i e s  w i t h  reasonable 
weight and f a b r i c a t i o n  complex i ty .  
The program c o n s i s t e d  o f  two phases. Dur ing  t h e  f i r s t  phase, s t u d i e s  were 
conducted t o  d e f i n e  t h e  c o n f i g u r a t i o n  design, m a t e r i a l  s e l e c t i o n ,  and f a b r i c a t i o n  
process. Tens i le ,  creep, and f a t i g u e  t e s t s  were performed t o  e s t a b l i s h  b a s i c  mat- 
e r i a l  p r o p e r t i e s .  Small samples were cons t ruc ted  t o  s u b s t a n t i a t e  t h e  f a b r i c a t i o n  
process and i n s p e c t i o n  techniques. Development t e s t s ,  i n c l u d i n g  b u r s t  and creep 
r u p t u r e ,  were performed t o  v a l i d a t e  s t r u c t u r a l  performance. Dur ing  t h e  second phase 
o f  t h e  program, f a t i g u e  c h a r a c t e r i s t i c s  of t h r e e  candidate m a t e r i a l  systems were i n -  
v e s t i g a t e d  and a d d i t i o n a l  low c y c l e  f a t i g u e  (LCF) t e s t s  were r u n  on t h e  most prom- 
i s i n g  m a t e r i a l .  
The NASA P r o j e c t  Manager was M r .  H. N. K e l l y ,  Aerothermal Loads Branch, 
Loads and A e r e l a s t i c i t y  D i v i s i o n ,  NASA Langley Research Center. The AiResearch 
Program Manager was M r .  0. A. Buchmann. The p r i n c i p a l  c o n t r i b u t o r s  t o  t h e  
program were Messrs. J. J. K i l l a c k e y  and V. V. A r e f i a n  (Program Engineers);  
H. A. bar ren  ( S t r u c t u r a l  Ana lys is ) ;  A. A. Vuigner (Thermal Ana lys is ) ;  and 
M. J. Pohlman ( M a t e r i a l s  Engineer ing) .  
Commercial products  a r e  i d e n t i f i e d  i n  t h i s  r e p o r t  t o  adequately d e s c r i b e  
m a t e r i a l s ;  t h i s  does n o t  c o n s t i t u t e  o f f i c i a l  endorsement, expressed or impl ied,  
of  such products,  or manufacturers,  by t h e  Nat iona l  Aeronaut ics  and Space 
Adm i n  i s t r a t  ion. 
SYMBOLS 
C i n t e r c e p t  o f  c y c l e  l i f e  l i n e  a t  NF = 1, ( cons tan t  c o e f f i c i e n t )  
D.P. d u c t  i I i t y  parameter, 
E Young’s modulus, p s i  
creep s t r a i n  f r a c t i o n  of  t o t a l  s t r a i n ,  d imensionless 
p l a s t i c  s t r a i n  f r a c t i o n  of  t o t a l  s t r a i n ,  dimensionless 
PC 
PP 
HRB hardness on Rockwel I l lB1l  s c a l e  
tiRC hardness on Rockwel I l lC1l s c a l e  
K s t r e s s  concen t ra t i on  fac to r ,  d imensionless 
KE e f f e c t i v e  s t r e s s  concen t ra t i on  f a c t o r  i n  fa t igue,  dimensionless 
KT t h e o r e t i c a l  s t r e s s  concen t ra t i on  f a c t o r ,  dimensionless 
n s lope of c y c l e  l i f e  l i n e  ( cons tan t  exponent), dimensionless 
r.1 F cyc les  t o  f a i l u r e  
c y c l e s  t o  f a i l u r e  due t o  creep r e l a x a t i o n  s t r a i n ,  d imensionless 




P pressure, p s i  
R s t r e s s  r a t i o ,  minimum s t r e s s  d i v i d e d  by maximum s t ress ,  dimension- 
I ess 
RA percent  r e d u c t i o n  i n  area, dimensionless 
t time, h r s  
T temperature, O R  or O F  as i n d i c a t e d  
AT temperature d i f f e rence ,  O R  o r  O F  as i nd i ca ted  
app l i ed  creep s t r a i n  range 





app l i ed  p l a s t i c  s t r a i n  range AcP P 
U stress,  ps i  
2 
DEVELOPMENT PLAN 
Past  s tud 
s t r u c t u r e s  hav 
es  o f  hydrogen-cooled hypersonic  propu 
ng ve ry  l i m i t e d  thermal f a t i g u e  l i f e .  
specimens is a t t r i b u t e d  t o  ( 1 )  reduc t i ons  i n  m a t e r i a l  
s i o n  systems used cooled 
Reduced l i f e  o f  f a b r i c a t e d  
p r o p e r t i e s  due t o  b raz ing  
processes, ( 2 )  s t r a i n  concen t ra t i on  i n  t h e  face p l a t e  r e s u l t i n g  from t h e  r e i n -  
f o r c i n g  e f f e c t  o f  t h e  f i n  m a t e r i a l ,  and (3) concur ren t  creep damage ( re fe rences  
4 and 5 ) .  A l l  o f  these a r e  c l o s e l y  t i e d  t o  t h e  m a t e r i a l  system, c o n f i g u r a t i o n  
geometry, and processes used i n  t h e  manufacture o f  t h e  cooled s t r u c t u r e .  
To a t t a i n  an opera t i ona l  l i f e  o f  1,000 hrs.  and 10,000 cyc les  i n  a hydrogen- 
cooled engine, i t  i s  e s s e n t i a l  t h a t :  t h e  as-brazed m a t e r i a l  d u c t i l i t y  be 
improved; temperature d i f f e r e n c e s  across t h e  c o o l a n t  passages be minimized; 
loca l  s t r a i n  due t o  c o n f i g u r a t i o n  geometry be minimized; and t h e  r e l a t i v e l y  
weaker braze j o i n t  and braze a f f e c t e d  m a t e r i a l  be placed away from t h e  h o t  face  
sheet i n  lower temperature, n o n - c r i t i c a l  areas. 
E f f o r t  was undertaken t o  develop coo lan t  passage geometries, m a t e r i a l  sys- 
tems, f a b r i c a t i o n  techno log ies  and j o i n i n g  processes t h a t  w i  I I prov ide  longer- 
l i f e ,  hydrogen-cooled s t ruc tu res .  Se lec t i on  was based on e x i s t i n g  m a t e r i a l s  
and development o f  known manufactur ing technology. However, spec ia l  considera- 
t i o n  was g iven t o  s c a l i n g  these techniques t o  f u l l - s c a l e  engines. 
Con f igu ra t i on  
Three c a t e g o r i e s  o f  passage c o n f i g u r a t i o n s  were i nves t i ga ted :  ( 1 )  rec tan-  
g u l a r  p l a t e - f i n ,  ( 2 )  machined o r  c a s t  rec tangu la r  grooves, and ( 3 )  machined o r  
c a s t  p i n - f i n s .  The l a t t e r  two c o n f i g u r a t i o n s  p rov ide  f o r  l o c a t i n g  t h e  braze 
j o i n t  away from t h e  h o t  face  sheet, r e s u l t i n g  i n  lower s t r e s s  concen t ra t i ons  
i n  t h e  face sheet. The channel and p i n - f i n  heat  exchange sur faces  p rov ide  
b e t t e r  LCF and creep r u p t u r e  l i v e s  than t h e  p l a t e - f i n  passages. These face  
p I a t e  p a t t e r n s  were se lec ted  f o r  f u r t h e r  eva I u a t  ion. 
Mater i a  I System 
M a t e r i a l  screening considered t h r e e  c lasses o f  m a t e r i a l s  based on thermal 
c o n d u c t i v i t y .  
t i o n  o f  d e s i r a b l e  p r o p e r t i e s  i nc lud ing  LCF performance, creep-st rength,  ox ida-  
t i o n  res i s tance ,  m e t a l l u r g i c a l  s t a b i l i t y  and f a b r i c a b i l i t y .  N icke l  201 and 
lnconel 617 were se lec ted  f o r  f u r t h e r  eva lua t ion .  
Se lec t i on  o f  t h e  candidate m a t e r i a l s  was based on t h e  combina- 
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F a b r i c a t i o n  
Mechanical machining, e l e c t r i c a l  d ischarge machining (EDM), and photo- 
chemical machining (PCM) processes were evaluated f o r  generat ion o f  t he  candi-  
date coo l i ng  j a c k e t  face p l a t e  c o n f i g u r a t i o n .  The PCM process produces t h e  
des i red  sur face  fea tu res  w i t h  t h e  l e a s t  s t r e s s  concent ra t ion  i n  t h e  face sheet. 
The process i s  a l s o  sca lab le  t o  f u l l - s i z e  panels. 
Several f i l l e r  a l l o y s  were considered and evaluated f o r  j o i n i n g  t h e  candi-  
date ma te r ia l s ,  N icke l  201 and lnconel  617. Se lec t i on  o f  t h e  candidate a l l o y s  
was based on t h e  p r o p e r t i e s  o f  t h e  a l l o y s  to prov ide  h igh-s t rength  a t  ope ra t i ng  
temperature, h i g h  d u c t i l i t y ,  r e s i s t a n c e  t o  ox ida t i on ,  acceptable we t t i ng  and 
f low, and minimilm a l l o y i n g  w i t h  the  pa ren t  meta l .  P a l n i r o  1 and boronized 
n i c k e l  chrome f i l l e r  a l l o y s  were u l t i m a t e l y  se lec ted  f o r  b raz ing  N icke l  201 and 
lnconel 617, r e s p e c t i v e l y .  
Tes t  i ng 
Tests  were formulated t o  eva lua te  the  candidate se lec t ions ,  v e r i f y  analy-  
t i c a l  p red ic t i ons ,  and t o  d e f i n e  a d d i t i o n a l  t e s t  requirements t o  a r r i v e  a t  a 
bas ic  design capable o f  f u l f i l l i n g  t h e  program goals.  
T e n s i l e  t e s t s  were conducted t o  determine t h e  combined e f f e c t s  o f  b raz ing  
and aging on t h e  p r o p e r t i e s  o f  t h e  cand ida te  ma te r ia l s ,  N icke l  201 and lnconel 
617. Resu l t s  ind ica ted  reduced d u c t i l i t y  f o r  both ma te r ia l s .  The LCF t e s t s  
performed on lnconel  617 ho l low bar specimens subjected t o  pseudobraze and age 
c y c l e s  subs tan t ia ted  t h e  reduced d u c t i  I i t y  f i n d i n g s  from t h e  t e n s i  l e  t e s t s .  
Consequently, a d d i t i o n a l  LCF tes ts ,  f o r  both N icke l  201 and lnconel  617 mate- 
r i a l s  i n  candidate passage con f igu ra t i ons ,  were conducted t o  exper imental  l y  
determine t h e  LCF l i v e s  o f  t h e  candidate designs and t o  p rov ide  bas i s  f o r  cor -  
r e l a t i n g  a n a l y t i c a l  p r e d i c t i o n s  w i t h  t e s t  r e s u l t s .  
Creep-rupture t e s t s  were s p e c i f i e d  on pressur ized channel and p i n - f i n  
N icke l  201 and lnconel 617 panels t o  determine t h e  creep l i f e  o f  N icke l  201 
panels and t o  v e r i f y  t h e  creep l i f e  o f  lnconel  617. 
E levated temperature f a t i g u e  t e s t s  were conducted on brazed N icke l  201/ 
I nconel 7 18 pane I s  us ing  f I u i d  i zed bed temperature cyc I i ng t o  determi ne t h e  
a b i l  i t y  o f  t h e  braze j o i n t  t o  accommodate t h e  s t resses  generated by t h e  d i f f e r -  
ence between the  thermal expansior: c o e f f i c i e n t s  o f  t h e  N icke l  201 face sheet  
and t h e  lnconel 718 suppor t  p l a t e .  
LCF t e s t s  were conducted on brazed N icke l  201/Hastel toy X and brazed 
lnconel  617 panels, us ing  reverse  bending machines t o  eva lua te  the  f a t i g u e  
c h a r a c t e r i s t i c s  o f  t h e  cand ida te  m a t e r i a l  systems. The t e s t s  were conducted 
i n  two phases. Dur ing  t h e  i n i t i a l  phase, reve rse  bending f a t i g u e  t e s t s  were 
conducted on channel specimens o f  both N icke l  201/Hastel loy X and lnconel 617 
specimens and bo th  l a t e r a l  and l o n g i t u d i n a l  channel o r i e n t a t i o n s .  Based on t h e  
i n i t i a l  phase t e s t  r e s u l t s ,  N icke l  201 was se lec ted  f o r  f u r t h e r  eva lua t i on  us ing 
both p i n - f i n  and l a t e r a l  channel face p l a t e s  t o  exper imen ta l l y  e s t a b l i s h  LCF 
I i f e  a t  design heat  f I uxes. 
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CONCEPT SELECTION AND EVALUATION 
Thermal Loading D e f i n i t i o n  
The cooled s t r u c t u r e  f o r  t h i s  s tudy was de f ined a s  a 2 - f t - l o n g  panel 
t h a t  i s  exposed t o  an avera e heat  f I ux o f  300 Btu/sec- f t2 ,  w i t h  a maximum 
600 Btu/sec per  f o o t  o f  panel width.  
o u t l e t  temperature o f  1600"R and an o u t l e t  pressure o f  750 p s i .  
i n l e t  temperature i s  100" t o  500"R, depending on c o o l a n t  demand, a v a i l a b i l i t y ,  
and usage upstream o f  t h e  panel. 
f low r a t e  range o f  i n t e r e s t  o f  approx imate ly  0.10 t o  0.15 Ibm/sec per  f o o t  o f  
panel width.  
w i t h  800"R a nominal value. 
heat f l u x  o f  500 Btu /sec- f t  9 a t  t h e  o u t l e t  end, r e s u l t i n g  i n  a heat  load o f  
The c o o l a n t  i s  hydrogen, w i t h  a minimum 
The c o o l a n t  
T h i s  i n l e t  temperature range r e s u l t s  i n  a 
The average c o o l a n t  temperature w i l l  va ry  from about 700" t o  900"R 
Design r e s u l t s  o f  t h e  HRE p r o j e c t  ( r e f .  1 )  r e s u l t e d  i n  s e l e c t i o n  o f  a 
cool  i ng  j a c k e t  pressure drop range o f  150 t o  250 ps id ,  e x c l u s i v e  o f  mani fo ld-  
ing, c o n t r o l  valves,  and associated l i n e  losses. Combined w i t h  t h e  c o r e  o u t l e t  
pressure of  750 ps ia,  t h i s  was used t o  e s t a b l i s h  t h e  c o o l a n t  average pressure 
drop per u n i t  o f  panel leng th  a t  6 t o  10 p s i / i n .  a t  average panel c o o l a n t  condi -  
t i o n s  o f  800"R and 850 psia.  
I n  summary, t h e  panel c o n f i g u r a t i o n  screening was based on t h e  f o l l o w i n g  
nom ina I o p e r a t i n g  cond it ions: 
Coolant f l o w  r a t e  0.10 t o  0.15 Ibm/sec-ft  
Coo I a n t  pressure drop 6 t o  10 p s i / i n .  
Average c o o l a n t  c o n d i t i o n s  800"R, 850 p s i a  
for  pressure drop performance 
Cond i t ions  f o r  panel thermal 1600"R, 750 ps ia ,  500 Btu /sec- f tz  
performance e v a l u a t i o n  
Candidate C o n f i g u r a t i o n  and M a t e r i a l  
Candidate cool  ing j a c k e t  c o n f i g u r a t i o n s  were devised w i t h  t h e  o b j e c t i v e  o f  
extending f a t i g u e  l i f e  o f  t h e  engine s t r u c t u r a l  panels  and u t i l i z i n g  d e s i r a b l e  
m a t e r i a l s  and f a b r i c a t i o n  techniques ( f i g .  1 ) .  The candidates a r e  grouped i n t o  
t h r e e  ca tegor ies :  ( 1 )  r e c t a n g u l a r  p l a t e - f i n ,  (2) m i l l e d  o r  c a s t  f i n  (grooved) 
passages, and (3) m i l l e d  o r  c a s t  p i n  f i n s  o r  spines. T y p i c a l  dimensions a r e  
shown. 
Concept 1 i s  t h e  r e c t a n g u l a r  p l a t e - f i n  sur face.  For t h i s  sur face,  t h e  
p l a i n ,  p e r f o r a t e d  ( o r  s l o t t e d ) ,  and o f f s e t  v a r i a t i o n s  were considered. The 
p e r f o r a t e d  f i n  i s  s i m i l a r  t o  t h e  p l a i n  f i n  except  t h a t  t h e  sheet s t o c k  i s  
p e r f o r a t e d  i n  a r e g u l a r  p a t t e r n  p r i o r  t o  forming. Concept 2A i s  a p l a i n  
rec tangu lar  channel c o n f i g u r a t i o n ;  i n  concept 28, t h e  webs a r e  s e t  i n t o  t h e  
pr ime s t r u c t u r e  t o  increase j o i n i n g  c o n t a c t  area; concept 2C has t r a p e z o i d a l  
webs f o r  increased s t rength ;  and concept 20 fea tures  c i r c u l a r  passages j o i n e d  
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1. RECTANGULAR PLATE FIN 
36RO-0 025-0 002 
28RO-0 050-0 002 
2ORO-0 050-0 006 
16RO-0 153-0 006 
RECTANGULAR OFFSET ROGEN 
NO OF FINS PER INCH 
2. PLAIN GROOVED PASSAGES 




WAVY FIN OPTION 
0.75 IN 




STAGGERED PIN FINS 
A-17234 
F i g u r e  1.-Candidate cool i n g  j a c k e t  c o n f i g u r a t i o n s .  
a long t h e  c i r c l e  centers.  In a l  I concept 2 con f igu ra t i ons ,  t h e  webs can be 
s t r a i g h t  or wavy i n  t h e  flow d i r e c t i o n .  The wavy concept increases both heat 
t r a n s f e r  and l a t e r a l  s t i f f n e s s  over t h e  s t r a i g h t  channel. A l l  concept 2 j o i n t  
bonds a r e  placed away from t h e  h o t  surface. Concept 3 i s  t h e  c a s t  or m i l l e d  
p i n - f i n  c o n f i g u r a t i o n .  The p i n s  can be o r i e n t e d  e i t h e r  i n - I  i n e  or staggered 
w i t h  respec t  t o  t h e  coo lan t  f.low. 
Both concepts 2 and 3 p rov ide  an o p p o r t u n i t y  t o  t a p e r  t h e  c o o l a n t  pas- 
sages e i t h e r  i n  h e i g h t  or width. In  t h i s  way, v a r i a t i o n s  i n  heat  f l u x  a long 
t h e  length o f  t h e  flow r o u t e  can be accomodated w i t h  a r e s u l t i n g  conserva t ion  
of  pressure drop. V a r i a t i o n  i n  channel w id th  accommodates converg ing /d iverg ing  
6 
f l ow  passages as designed i n t o  t h e  3D Scramjet. 
a l s o  p rov ides  t h i s  c a p a b i l i t y .  V a r i a t i o n  i n  f l o w  passage he igh t  w i t h  concept 1, 
however, r e q u i r e s  s tepp ing  of  t h e  f l o w  passage i n  d i s c r e t e  increments, r e s u l t i n g  
i n  d i f f i c u l t  t o l e r a n c e  c o n t r o l .  
The rec tangu la r  o f f s e t  f i n  
Screening considered t h r e e  c lasses  of m a t e r i a l s  based on thermal conduc- 
t i v i t y .  The supera l l oy  c l a s s  (Has te l l oy  X, Haynes 188, X-40, etc.)  i s  charac- 
t e r i z e d  by a nominal thermal c o n d u c t i v i t y  o f  10 Btu /hr - f t - "F  a t  t h e  average 
engine opera t i ng  temperature (850°F). A second c l a s s  inc ludes  such m a t e r i a l s  
as pure  n i c k e l  and TD n i c k e l  w i t h  a c o n d u c t i v i t y  o f  30 Btu/hr-ft-OF. The t h i r d  
c l a s s  comprises t h e  r e f r a c t o r y  me ta l s  molybdenum, TZM, and tungsten, w i t h  a 
c o n d u c t i v i t y  o f  60 B tu /h r - f t - "F  a t  temperature. 
The c o n d u c t i v i t y  a t  l o c a l  o p e r a t i n g  c o n d i t i o n s  w i l l  va ry  s u b s t a n t i a l l y  
from these nominal values. For example, t h e  c o n d u c t i v i t y  o f  H a s t e l l o y  X v a r i e s  
from 5 t o  15 B tu /h r - f t - "F  over t h e  temperature range o f  70" t o  1600°F; however, 
t h e  average va lues  a r e  adequate for  c o n f i g u r a t i o n  screening. 
of r e s u l t s  t o  be presented, t h e  supera l l oy  c o n d u c t i v i t y  (10 Btu-hr - f t - "F)  w i l l  
be emphasized. 
I n  t h e  m a j d r i t y  
Thermal Performance 
Thermal performance r e s u l t s  for  t h e  cand ida te  c o n f i g u r a t i o n s  a r e  presented 
i n  Tab le  1. The r e s u l t s  i nc lude  t h e  in-depth temperature d i f f e r e n c e  (AT) across 
t h e  c o o l i n g  j a c k e t  passages and t h e  pressure drop per u n i t  o f  f l o w  leng th  a t  
t h e  panel o u t l e t  and average cond i t i ons .  The AT i s  a measure o f  low c y c l e  
f a t i g u e  l i f e  ( e s t a b l i s h e d  from t h e  s t r u c t u r a l  a n a l y s i s ) ;  t h e  u n i t  p ressure  drop 
i s  a measure o f  t h e  c a p a b i l i t y  t o  opera te  w i t h i n  t y p i c a l  p ressure  l i m i t s .  The 
u n i t  p ressure  drop f o r  t h e  2 - f t  panel leng th  should be 6 t o  10 p s i / i n ,  e i t h e r  
on an average o r  length-weighted basis.  Thus, i f  a lower p ressure  drop c o n f i g -  
u r a t i o n  i s  used i n  t h e  panel i n l e t  sec t ion ,  t h e  u n i t  p ressure  drop i n  t h e  500 
B tu /sec - f t2  o u t  I e t  s e c t  i on  can be increased. 
A l l  c o n f i g u r a t i o n s  were analyzed for 0.12 Ib/sec f l o w  per foot o f  panel 
Average panel u n i t  p ressure  drop was evaluated a t  800°R, 
width,  a t  1600"R and 750 p s i a  o u t l e t  c o o l a n t  c o n d i t i o n s ,  w i t h  500 Btu /sec- t t2  
maximum heat f l u x .  
850 psia.  
Three t ypes  o f  p l a t e - f i n  su r faces  were analyzed ( p l a i n ,  p e r f o r a t e d  and 
o f f s e t ) .  As expected, t h e  heat t r a n s f e r / p r e s s u r e  drop  c h a r a c t e r i s t i c  o f  t h e  
pe r fo ra ted  p l a t e - f i n  i s  between t h e  p l a i n  and o f f s e t  f i n s  o f  e q u i v a l e n t  s ize .  
The e f f e c t  o f  f i n  o f f s e t  leng th  was considered by us ing  c o r r e l a t i o n s  from 
r e f .  6. 
Machined channel passages were d i v i d e d  i n t o  two g roups - -s t ra igh t  ( rec -  
t angu la r ,  t r a p e z o i d a l ,  and c i r c u l a r  passages) and wavy ( r e c t a n g u l a r  passages). 
The t r a p e z o i d a l  passage i s  b a s i c a l l y  a tapered f i n  w i t h  a th i ckness  o f  0.30 in. 
ad jacen t  t o  t h e  h o t  gas face, t a p e r i n g  t o  0.015 in. The wavy passage con- 
s idered  was s inuso ida l  i n  shape and had an ampl i tude o f  about 2 passage w id ths  
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Two types of  p i n - f i n  arrangements ( a s  shown i n  Tab le  1 )  were considered-- 
staggered and in - I  ine. 
Dp = 0.040 in., Lp  = 0.050 in.), in-depth T I S  f o r  staggered and i n - l i n e  con- 
f i g u r a t i o n  a r e  approximately t h e  same, b u t  t h e  pressure drop i s  lower for  t h e  
i n - l i n e  c o n f i g u r a t i o n .  
For d imens iona l l y  s i m i l a r  p i n - f i n s  ( S p  = 0.80 in., 
For t h e  thermal performance r e s u l t s  of  cand ida te  c o n f i g u r a t i o n s  presented 
i n  Table 1, t h e  f o l l o w i n g  conc lus ions  were reached: 
( 1 )  P l a t e f i n - - P e r f o r a t e d  f i n s  do n o t  y i e l d  any s i g n i f i c a n t  advantages. 
For about t h e  same AT, t h e  28R-.050-.050 o f f s e t  f i n  p ressure  drop i s  
35 percent  less. Decreasing t h e  o f f s e t  leng th  reduces t h e  AT by 50 
t o  70"R w i t h  a corresponding increase of 25 percent  i n  p ressure  drop. 
( 2 )  Machined channels--8est performance i s  ob ta ined w i t h  0.025-in. groove 
depth, which i s  be l ieved t o  be f e a s i b l e  for brazing. The t rapezo ida l  
shape g i v e s  good r e s u l t s .  Compared t o  28R-.050-.100 o f f s e t  p la te -  
f i n  surface, t h e  t rapezo id  AT i s  155"R less  f o r  about t h e  same pres- 
sure drop. Add i t i ona l  reduc t i ons  i n  AT cou ld  p o s s i b l y  be ob ta ined 
by us ing  a wavy pa t te rn ,  which would ma in ta in  t h e  panel averageAP 
a t  less  than 10 psi. / in. 
( 3 )  Pin- f in - -Th is  c o n f i g u r a t i o n  y i e l d s  t h e  lowest AT, b u t  t h e  pressure  
drop for t h e  0.025-in.-high staggered p a t t e r n  i s  h ighe r  than al low- 
able; t h e  e n t i r e  a l l owab le  p ressure  drop would be consumed i n  less  
than 2.0 in. of flow length. For t h e  same AT, t h e  p i n - f i n  p ressure  
drop i s  t h r e e  t imes g rea te r  than f o r  t h e  rec tangu la r  groove passages; 
f o r  t h e  same pressure drop, t h e  rec tangu la r  channel thermal conduct- 
ance i s  g rea ter .  
Candidate A l l o y  P r o p e r t i e s  
A c o n s i s t e n t  s e t  o f  m a t e r i a l  p r o p e r t i e s  was r e q u i r e d  t o  p e r m i t  comparisons 
of  LCF I i fe .  Since t h e  LCF p r e d i c t i v e  techniques use reduc t i on  of  area t o  
account f o r  t h e  m a t e r i a l  d u c t i l i t y ,  t h i s  parameter was fundamental. Since t h e  
c o o l i n g  j a c k e t s  use t h i n  gage mate r ia l ,  t h e  p r o p e r t i e s  of sheet m a t e r i a l s  
r a t h e r  than bar or p l a t e  were desired. P r o p e r t i e s  of  t h e  cand ida te  a l l o y s  a r e  
l i s t e d  i n  Table 2. 
Wrought Supera I I oys 
H a s t e l l o y  X i s  included i n  Table 2 because i t  i s  t h e  base l i ne  m a t e r i a l .  
Haynes A l l o y  188, a new a l l o y  s ince  i n i t i a t i o n  o f  t h e  HRE program, has b e t t e r  
s t r e n g t h  and d u c t i  I i t y  than Haste1 toy X. P red ic ted  r e d u c t i o n  i n  area a t  1450°F 
i s  31 percent  for  Haynes AI l o y  188 ( re fe rences  7 and 8 ) .  Weldabi I i t y ,  forma- 
b i  l i t y ,  brazeabi l i t y ,  and o x i d a t i o n  r e s i s t a n c e  a r e  a1 l good. 
b e t t e r  s t r e n g t h  b u t  lower d u c t i l i t y  than Haynes 188. Fa t i gue  l i f e  of Ren'e 41 
may n o t  be b e t t e r  than f o r  H a s t e l l o y  X or HA 188, and i t  i s  d i f f i c u l t  t o  braze 
and must be heat  t rea ted .  
Ren'e 41 has 
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TABLE 2. -EST I MATED MATER I AL PROPERT I ES FOR LCF L I FE PRED I CT I ON ( 
(APPROXIMATELY 100 HRS I N  A I R  AT TEMPERATURE SHOWN) 
Y i e l d  s t r e s s ,  k s i  
( b e f o r e  e x p o s u r e )  
Y l e l d  s t r e s s ,  ks l  
( a f t e r  e x p o s u r e ) ( 3 )  
1000-hr r u p t u r e  
s t r e s s ,  k s i  
100-hr r u p t u r e  
s t r e s s ,  k s i  
Young's modulus, 
106 p s i  ( t e n s i o n )  
Young's modulus,  
IO6 p s i  (dynamic)  
Thermal expans ion  
c o e t t  i c i  e n t ,  10-6 i n  ./ i n . / O F  
R e d u c t i o n  i n  a rea ,  
b razed,  p e r c e n t  
R e d u c t i o n  I n  a rea ,  
p a r e n t  m e t a l ,  p e r c e n t  










































35 50 68 20 33 30 
25 44 30 13 18 18 
17 42 14 IO IO IO 
32 45 45 15 24 25 
20 43 23 12 13 14 
;: 8.9 1;; 3.1 I:: 8.3 1 2 2 6 5  9.1 1:; 9.1 1 ;; 8.5 
9.0 3.1 8.7 9.3 9.4 8.7 













I 7  
- 
9.0 
9.1 - Brazed p r o p e r t i e s  unknown b 
7 5 ( 4 )  16 5 1 1  5 43 60 97 
19 5  22 2  80 75 99 
( 1 )  Value  shown i s  most l i k e l y  a v e r a g e  v a l u e  e x p e c t e d  for 0 .015- in . - th ick  s e c t i o n s  
( 2 )  Coated p r o p e r t i e s  shown i n  p a r e n t h e s e s  
( 3 )  A p p r o x i m a t e l y  100 h r  i n  a i r  a t  t e m p e r a t u r e  shown 
( 4 )  A t  1200°F 
( 5 )  To 1200OF (mean) 
TD nickel-chromium (TD N i - C r )  was considered because o f  i t s  h igh  s t r e n g t h .  
good o x i d a t i o n  res i s tance ,  and thermal c o n d u c t i v i t y .  A s i m i l a r  m a t e r i a l ,  DS 
nickel-chromium (DS N i - C r )  was a l s o  considered b u t  i t s  p r o p e r t i e s  a r e  n o t  as 
we l l  charac ter ized  as f o r  TD N i - C r .  Because of an unce r ta in  supply s i t u a t i o n ,  
and low d u c t i l i t y ,  TD N i - C r  o r  DS N i - C r  were n o t  re ta ined  as candidates.  
lnconel a l l o y  617 i s  a nickel-chromium-cobalt-mlybdenum a l l o y  w i t h  good 
Ro ta t i ng  beam f a t i g u e  t e s t s  show e x c e l l e n t  h igh  h igher  temperature s t rength .  
c y c l e  f a t i g u e  s t r e n g t h  a? 1600OF. The a l l o y  e x h i b i t s  good m e t a l l u r g i c a l  
s t a b i l i t y  i n  t h e  c r i t i c a l  in te rmed ia te  temperature range and r e t a i n s  i t s  
d u c t i l i t y .  a f t e r  1000 hr of exposure t o  temperatures o f  1200" t o  1600OF. 
Cast Superal I oys 
The c a s t  supera l l oys  c o n t a i n  l a rge r  amounts o f  hardening elements ( A I ,  T i )  
than t h e  wrought a l l o y s  and t h e r e f o r e  a r e  s t ronger ,  b u t  d u c t i l i t y  g e n e r a l l y  i s  
lower. For example, t h e  cobal t -base a l l o y  X-40 conta ins  25 pe rcen t  chromium and 
has e x c e l l e n t  o x i d a t i o n  res i s tance ;  however, reduc t i on  i n  area a t  1600°F i s  o n l y  
19 percent ;  hence t h e  f a t i g u e  l i f e  would be l i m i t e d .  I n  view of t h e  f a b r i c a t i o n  
d i f f i c u l t i e s  inherent  i n  a c a s t  a l l o y  ( e s p e c i a l l y  when s c a l i n g  t o  f u l l - s i z e  engine 
s t r u c t u r e s ) ,  and poor LCF l i f e ,  X-40 was discarded as a candidate a l l o y .  
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Ref rac to ry  Meta ls  
Both tungsten and molybdenum have except iona l  creep and t e n s i l e  s t r e n g t h  
a t  h i g h  temperatures when compared w i t h  supera l loys ,  and, i n  a d d i t i o n ,  have 
h igh  thermal c o n d u c t i v i t i e s  and low expansion c o e f f i c i e n t s ,  both o f  which serve 
t o  keep thermal s t resses  low. These d e s i r a b l e  a t t r i b u t e s ,  however, a r e  o f f s e t  
by poor o x i d a t i o n  r e s i s t a n c e  and t h e  occurrence of  embr i t t lement  a t  low tem- 
peratures. Tantalum and columbium were n o t  considered i n  t h e  a n a l y s i s  because 
they  absorb l a rge  atomic percentages o f  hydrogen, lead ing  t o  l a t t i c e  d i s t o r t i o n ,  
swel 1 i ng, and ernbr i tt I ement. 
Tungsten has t h e  lowest expansion c o e f f i c i e n t  o f  a l l  t h e  candidates. The 
major disadvantage of tungs ten  i s  i t s  h igh  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tem- 
pe ra tu re  (DBTT). 
f a b r i c a t i o n  d i f f i c u l t .  Coat ings for tungsten a r e  n o t  as we l l  developed as 
those f o r  molybdenum, nor i s  t h e r e  as much exper imental  data. The bes t  coat-  
ings a r e  t h e  d i s i  I i c ides ,  app l i ed  by pack cementation. 
The DBTT no rma l l y  ranges from 0 "  t o  300" o r  400"F, making 
Molybdenum and t h e  TZM molydenum a l l o y s  have severa l  a t t r a c t i v e  features,  
i.e., h igh  thermal c o n d u c t i v i t y ,  low expansion, and f a i r  f a b r i c a b i l i t y .  The 
DBTT for TZM a l l o y  i s  l ess  than O"F, which pe rm i t s  o r d i n a r y  f a b r i c a t i o n  pro- 
cesses; exposure t o  c ryoyen ic  hydrogen should be prevented. 
Molybdenum and TZM have no o x i d a t i o n  r e s i s t a n c e  above 1300°F. There a r e  
coa t ings  and c ladd ings  a v a i l a b l e  t h a t  may a f f o r d  adequate p r o t e c t i o n  a t  1600°F 
for extended periods, b u t  a p p l i c a b l e  design da ta  i s  l ack ing  o r  inadequate. The 
o n l y  metal I i c  coa t ing  I i k e l y  t o  endure t h e  expected therrna I and chemical env i- 
ronment i s  plat inum. B u t  o n l y  small l abo ra to ry  samples o f  TZM have been 
success fu l l y  c l a d  w i t h  p la t i num ( r e f .  9 ) .  Furthermore, no da ta  cou ld  be found 
t o  v e r i f y  t h a t  p la t i num would p rov ide  r e l i a b l e  p r o t e c t i o n  from o x i d a t i o n  a t  
t h e  temperatures o f  i n t e r e s t ,  and i t  i s  expected t h a t  t h e  t o l e r a n c e  t o  damage 
(se l f -hea l  i n g  ab i  I i t y )  Nould be poor. 
Other e l e c t r o p l a t e d  and c l a d  metal coa t i ngs  have been inves t iga ted- -  
no tab ly  n i cke l ,  chromium, and combinat ions thereo f .  However, d i f f e r e n t i a l  
expansion and c o n t r a c t i o n  du r ing  thermal c y c l i n g  a r e  l i k e l y  t o  cause f a i l u r e  
by s p a l l i n g  due t o  t h e  b r i t t l e n e s s  o f  t h e  i n t e r m e t a l l i c  compounds and t h e  
thermal s t resses  generated a t  t h e  coa t ing /subs t ra te  i n t e r f a c e .  
Most o f  t h e  e f f o r t s  t o  p r o t e c t  molybdenum a l l o y s  from o x i d a t i o n  s ince  1960 
have invo lved s i l i c i d e  or a lumin ide  c o a t i n g s  t h a t  a r e  designed t o  be s e l f -  
hea l i ng  a t  use temperatures t h a t  a r e  severa l  hundred degrees h ighe r  than those  
o f  i n t e r e s t  for  t h i s  program. The g lassy  f i l m  w i l l  n o t  be n e a r l y  as s e l f -  
h e a l i n g  a t  1600°F as it w i l l  a t  t h e  o r i g i n a l  design temperatures for  t h e  coat-  
ings. The s i l i c i d e  coa t ings  a l s o  e x h i b i t  a llpestll r e a c t i o n  a t  these intermedi-  
a t e  temperatures (900" t o  1700°F), causing premature f a i  lure.  The a lum in ide  
coa t ings  a v a i l a b l e  i nc lude  a l i q u i d  phase (Sn-AI) above 475"F, which may pose 
e ros ion  problems. Las t l y ,  t h e r e  i s  l i k e l y  t o  be a c o m p a t i b i l i t y  problem between 
t h e  c o a t i n g  and braze a l l o y ,  which r e q u i r e s  bas i c  development t o  e s t a b l i s h  com- 
p a t i b l e  m a t e r i a l s  and thermal process cycles.  Because o f  these cons ide ra t i ons  
molybdenum aI.,loys were r e j e c t e d  f o r  f u r t h e r  cons idera t ion .  
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Molybdenum-50 Rhenium (Mo-50 Re) a l l o y  has s t reng th  s i m i l a r  t o  moly- 
bdenum and a low d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (-425°F) compared w i t h  
+7OoF f o r  pure molybdenum. The o x i d a t i o n  r e s i s t a n c e  of Mo-50 Re, however, i s  
expected t o  be s i m i l a r  t o  t h a t  o f  pure molybdenum, n e c e s s i t a t i n g  t h e  need for 
a p r o t e c t i v e  coat ing .  I n  a d d i t i o n ,  t h e  c o s t  o f  t h e  m a t e r i a l  and t h e  l i m i -  
t a t i o n s  on s i z e  a v a i l a b i l i t y  e l i m i n a t e  t h e  Mo-50 Re a l l o y  from se r ious  con- 
s i d e r a t i o n  f o r  la rge  s i z e  panels. 
A l t e r n a t i v e  M a t e r i a l s  
High c o n d u c t i v i t y  m a t e r i a l s  based on copper and n i c k e l  a l s o  were considered. 
The h igh  thermal c o n d u c t i v i t y  minimizes t h e  temperature g rad ien ts  across t h e  
s t r u c t u r e  and r e s u l t  i n  lower ope ra t i ng  temperatures when compared t o  super- 
a l  loys. 
I n  t h e  copper fami ly ,  Nar loy  Z and dispersion-strengthened copper a r e  
ava i l ab le .  The former has been developed and used for  a c t i v e l y  cooled r o c k e t  
nozz le  l i ne rs ,  b u t  appears t o  have i n s u f f i c i e n t  o x i d a t i o n  res is tance,  s t rength ,  
o r  creep res i s tance  a t  t h e  expected s e r v i c e  temperatures (1260°F). Dispersion- 
strengthened copper may have s u f f i c i e n t  s t r e n g t h  b u t  has poor d u c t i l i t y  and i s  
n o t  expected t o  have adequate low-cycle f a t i g u e  l i f e .  
The n i c k e l  a l l o y  o f f e r i n g  t h e  bes t  combination of  thermal c o n d u c t i v i t y  and 
mechanical p r o p e r t i e s  a t  1335°F i s  N icke l  201, a low-carbon, commercial ly pure 
n i c k e l .  A v a i l a b l e  o x i d a t i o n  da ta  ( r e f .  10) i n d i c a t e  consumption o f  o n l y  0.0006 
in. of metal by o x i d a t i o n  for 1000 h r s  a t  1335°F. I f  necessary, coa t i ngs  cou ld  
be app l i ed  t o  f u r t h e r  reduce o x i d a t i o n .  I n  p a r t i c u l a r ,  an i n s u l a t i n g  c o a t i n g  
developed by NASA ( r e f .  1 1 )  cou ld  be used t o  f u r t h e r  reduce t h e  metal s e r v i c e  
temperature as we l l  as improve o x i d a t i o n  res i s tance .  
S t r u c t u r a l  Ana lys i s  
S t ress  concen t ra t i on  Fac tors . - -F in i te  element models were made t o  determine 
t h e  s t r e s s  concen t ra t i on  f a c t o r s  for  p i n - f i n  panel cons t ruc t i on .  Two t ypes  of  
p i n  geometry were analyzed. The f i r s t  t y p e  i s  t h e  c o n f i g u r a t i o n  produced by 
photo chemical m i l l i n g  (PCM) t h e  p i n s  as an i n t e g r a l  p a r t  of  t h e  h o t  face  
sheet. These p i n s  have a tapered p r o f i l e  w i t h  a smooth t r a n s i t i o n  t o  t h e  
back s i d e  of t h e  face sheet. The second p i n  geometry analyzed cons is ted  o f  a 
s t r a i g h t  p i n  brazed t o  t h e  back s i d e  of  t h e  face sheet, w i t h  a braze f i l l e t  
t r a n s i t i o n  t o  t h e  face sheet. Both c o n f i g u r a t i o n s  cons is ted  of  0.030-in. d ia.  
staggered p i n s  a t  0.090-in. spacing w i t h  a 0.015-in. face  sheet. The computer 
model for t h e  PCM p i n  i s  shown i n  f i g .  2. The r e s u l t s  o f  t h e  a n a l y s i s  a r e  
presented i n  Table 3. 
The s t r e s s  concen t ra t i on  f a c t o r s  a r e  ve ry  c lose .  
s t ra in ,  t h e  lower concen t ra t i on  e f f e c t  of  t h e  smooth t r a n s i t i o n  for  t h e  PCM 
p i n s  i s  p a r t i a l l y  o f f s e t  by t h e  h ighe r  face  sheet s t i f f n e s s  between PCM p i n s  
as compared t o  s t r a i g h t ,  brazed pins. T h i s  h ighe r  face  sheet s t i f f n e s s  r e s u l t s  
i n  a h igher  average s t r a i n  r a t e  between pins.  
For a g i ven  thermal 
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Figure  Z.-Computer model o f  PCM p ins .  
TABLE 3.-STRESS CONCENTRATION FACTORS, K, FOR PIN-FINS 
P i n  Type K 
PCM ( i n t e g r a l )  1.65 
S t r a i g h t  (brazed 1 1.70 
Pressure d e f l e c t i o n s  and stresses.--Another f i n i t e  element model was con- 
s t ruc ted  t o  determine t h e  p i l l o w i n g  e f f e c t  and face sheet s t resses  r e s u l t i n g  
from app ly ing  750 p s i  pressure t o  a sec t i on  of p i n - f i n  panel. The p r o p e r t i e s  
o f  Has te l l oy  X a t  1600°F were used f o r  t h e  ana lys i s .  The model cons is ted o f  a 
0.015-in. face sheet supported b y  0.030-in. d i a  staggered p i n s  on 0.090-in. 
centers .  Resu l ts  o f  t h e  a n a l y s i s  i n d i c a t e  t h a t  t h e  face sheet w i l l  bow 6.7 
uin.  between p ins ,  and t h e  maximum s t r e s s  i n  t h e  face sheet between p i n s  i s  
3070 p s i .  The creep r a t e  f o r  3070 ps i  s t r e s s  a t  1600°F i s  0.001 percent /hr  or 
1 percent  i n  1000 hrs. Th is  creep r a t e  i s  low, and no apprec iab le  permanent 
p i l l o w i n g  i s  a n t i c i p a t e d  i n  t h e  1000-hr design l i f e  o f  t h e  panel. A contour 
p l o t  o f  t h e  face sheet i s  shown i n  f i g .  3. 
LCF l i f e  estimates.--Comparative LCF l i f e  est imates were made f o r  n i n e  
candidate m a t e r i a l s  based on t h e  p r o p e r t i e s  presented i n  Table 2. Where t h e  
reduc t ion- in -area  va lues f o r  brazed specimens were lack ing,  a percent  reduc t i on  
s imi  t a r  t o  t h e  known val ue f o r  Haste1 I oy X was assumed. 
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F igu re  3.-Face sheet d e f l e c t i o n  for  p i n - f i n  design under p ressure  load. 
The s t r a i n  range p a r t i t i o n i n g  method of e s t i m a t i n g  f a t i g u e  l i f e  was used 
i n  t h e  ana lys is ,  f o r  t h e  two cyc les  i l l u s t r a t e d  i n  f i g .  4. Case 1 assumes t h a t  
t h e  s t ru . c tu re  i s  heated and then immediately cooled w i t h  no hold t ime. Case 2 
assumes a ho ld  t i m e  of 6 minutes, which permi ts  creep t o  t a k e  place. The creep 
i s  i l l u s t r a t e d  by t h e  r e d u c t i o n  i n  s t r e s s  from p o i n t  A t o  p o i n t  B i n  f i g .  4. 
For t h e  a n a l y s i s  it was assumed t h a t  t h e  face  sheet would c reep- re l i eve  t o  a 
s t r e s s  l eve l  ( p o i n t  B) ,  which i f  sustained, would produce r u p t u r e  i n  1000 hrs. 
Use o f  t h e  s t r e s s  t o  produce r u p t u r e  i n  1000 h r s  for t h e  re laxed s t r e s s  
va lue  a t  p o i n t  B assures be ing  on t h e  f l a t  p o r t i o n  of t h e  s t r e s s - r e l a x a t i o n  
curve of s t r e s s  versus t ime. The ac tua l  s t r e s s  l eve l  a t  t h e  end of a 6-min. 
hold t i m e  may be  somewhat h igher  than t h e  assumed leve l .  Since t h e  amount of 
p l a s t i c  s t r a i n  i n  each c y c l e  due t o  creep i s  p r o p o r t i o n a l  t o  y i e l d  s t r e s s  minus 
t h e  f i n a l  s t r e s s  a f t e r  creep, use of t h e  lower va lue  f o r  t h e  f i n a l  s t r e s s  i s  
conservat ive.  
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F i g u r e  4.-Strain range components produced i n  face sheet w i t h  
and w i thou t  ho ld  t i m e  i n  t h e  thermal h i s t o r i e s .  
The s t r a i n  range p a r t i t i o n i n g  technique i s  presented i n  t h e  f o l l o w i n g  
eq ua t i ons : 
(a )  For  c y c l i n q  w i t h  no ho ld  t i m e  
where Npp = number o f  cyc les  t o  f a i  I ure  
D.P. = d u c t i  I i t y  parameter = I n  100 
1 00-RA 
RA = percent  reduc t i on  i n  area 
= app l ied  p l a s t i c  s t r a i n  
- app l i ed  s t r e s s  - 2 x y i e l d  s t r e s s  
AEPP 
Young's Modulus 
0.75 and 1.67 are  cons tan ts  found t o  g i v e  good agreement 
between p r e d i c t i o n s  and t e s t  r e s u l t s  f o r  a number o f  ma te r ia l s .  
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(b )  For c y c l i n g  w i t h  h o l d  t i m e  
N = [ 0.75 D.P.pc] 1 * 6 7  ripe = [ 1.25 D.P. ] 1-25  
PP + AE AEpp + Acpc 
where Npp = cyc les  t o  f a i l u r e  i f  t h e  e n t i r e  p l a s t  
no ho ld  t ime. 
Npc = c y c l e s  t o  f a i l u r e  i f  t h e  e n t i r e  p l a s t  
creep r e  I axa t  i on. 
= app l i ed  creep s t r a i n  
= y i e l d  s t r e s s  - re laxed  s t r e s s  
Young’s Modulus 
c s t r a i n  was app l i ed  w i t h  
c s t r a i n  was a p p l i e d  by 
1.25 i s  a cons tan t  found t o  g i v e  good agreement between 
p r e d i c t i o n s  and t e s t  r e s u l t s  f o r  a number o f  ma te r ia l s .  
IJF  - 1 = c y c l e s  t o  f a i l u r e  
FPP 
nCPP - PP 
where AEpp + AEpc 
The r e s u l t s  of t h e  a n a l y s i s  a r e  sumrnarized i n  Tab le  4 f o r  t h e  c y c l e  
w i t h  a 6-min. ho ld  t i n e .  The AT values used i n  Tab le  4 were taken from 
thermal analyses r e s u l t s .  
Conclusions reached rega rd ing  t h e  s u i t a b i l i t y  o f  each of  t h e  cand ida te  
a l l o y s  a r e  summarized i n  t h e  f o l l o w i n g  paragraphs. 
Has te l toy  X: T h i s  m a t e r i a l ,  which serves as 
e x h i b i t  a f a t i g u e  l i f e  of  about 1000 c y c l e s  f o r  a 
o p t  i in urn. 
Ren6 41 : The LCF I i f e  f o r  t h i s  m a t e r i a l  i s  
except f o r  t h e  c i r c u l a r  passage design ( c o n f i y u r a  
t h e  l i f e  i s  about 10,000 cycles.  Ren’e 41 i s  d i f f  
i s  s e n s i t i v e  t o  s t r a i n  concent ra t ion .  These cons 
of Fien’e 41 as a candidate. 
t h e  program basel ine,  w i l l  
passage geometry c l o s e  t o  
n f e r i o r  t o  H a s t e l l o y  X 
ion  4, Table 4 1 ,  f o r  which 
c u l t  t o  braze and weld, and 
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Haynes 188: Th is  a l l o y  o f f e r s  o n l y  a modest increase i n  c y c l e  l i f e  com- 
pared w i t h  Has te l l oy  X. The small d i f f e r e n c e  does n o t  warrant t h e  use o f  
Haynes 188, cons ide r ing  t h e  ex tens i ve  da ta  base t h a t  p resen t l y  e x i s t s  for 
Hastel l o y  X. 
lnconel 617: Th is  a l l o y  y i e l d s  t h e  b e s t  r e s u l t s  o f  a l l  t h e  supera l l oys  
evaluated. The h igh  c y c l e  l i f e  i s  a t t r i b u t a b l e  t o  t h e  d u c t i l i t y  o f  t h e  mater- 
i a l ,  which reaches a maximum near t h e  1 6 0 0 ° F  ope ra t i ng  temperature. The 10,000- 
cyc les  design I i f e  i s  n o t  achieved. The r e l a t i v e l y  good performance, however, 
combined w i t h  t h e  g e n e r a l l y  a t t r a c t i v e  o v e r a l l  c h a r a c t e r i s t i c s  led t o  s e l e c t i o n  
o f  t h i s  a l l o y  as a candidate. 
X-43 ( c a s t  s u p e r a l l o y ) :  LCF l i f e  w i t h  t h e  optimum c i r c u l a r  passage con- 
f i g u r a t i o n  i s  less  than 1000 cyc les  and less  than t h a t  obtained w i t h  H a s t e l l o y  
X. I n  view o f  t h e  f a b r i c a t i o n  d i f f i c u l t i e s  w i t h  a c a s t  a l l o y ,  and t h e  low 
c y c l e  l i f e ,  X-40 was dropped as  a candidate a l l o y .  
TD n i c k e l  chrominum: The low d u c t i l i t y  o f  t h i s  ma te r ia l  r e s u l t s  i n  an 
unacceptable c y c l e  l i f e ;  t h e  m a t e r i a l  was dropped from f u r t h e r  cons idera t ion .  
TZM: Cycle l i f e  i s  i n f i n i t e ;  t h e  ma te r ia l  remains w i t h i n  t h e  e l a s t i c  
l i m i t  throughout t h e  ope ra t i ng  cycle.  Ox ida t ion  p r o t e c t i v e  coa t ings  a r e  
requ i red  w i t h  TZM m a t e r i a l .  No s a t i s f a c t o r y  coa t ing  was found and TZM was 
dropped as a cand i d a t e  a l  loy. 
N icke l  200 and 201: N icke l  200 i s  commercial l y  pure n i c k e l .  The increased 
thermal c o n d u c t i v i t y  (compared w i t h  t h e  supera l l oys )  and super io r  d u c t i l i t y  
combine t o  y i e l d  a p red ic ted  c y c l e  l i f e  cons iderab ly  above t h e  requ i red  10,000 
cycles. The low creep-rupture s t r e n g t h  l i m i t s  t h e  a p p l i c a b i l i t y  of p l a t e - f i n  
geometries. Ox ida t i on  r e s i s t a n c e  appears adequate w i t h o u t  p r o t e c - t i v e  coa t ings  
a t  t h e  opera t i ng  cond i t i ons .  N icke l  201, a low carbon vers ion  of N icke l  200, 
has b e t t e r  creep s t r e n g t h  compared w i t h  N icke l  200. N icke l  201 i s  a l s o  repor ted  
t o  be less  sub jec t  t o  embr i t t lement  by i n t e r g r a n u l a r l y  p r e c i p i t a t e d  carbon o r  
g r a p h i t e  when held a t  temperatures o f  600" t o  14C)O"F f o r  extended per iods.  
N icke l  201 was the re fo re ,  selected as a candidate. 
I i k e  
resu  
t h i s  
Narloy-2: The LCF I i f e  i s  pred i c ted  t o  be more than adequate; however, 
o ther  p rec ip i ta t ion-hardened copper a l l o y s ,  Nar oy-Z w i l l  over age w i t h  a 
t a n t  decrease i n  s t r e n g t h  a t  minimum acceptable ope ra t i ng  temperatures for 
app l i ca t i on .  A f t e r  100 h r s  t h e  a l l o y  would sof  en and become unusable. 
Selected M a t e r i a l s  and Passage Geometries 
The m a t e r i a l s  se lec ted  f o r  eva lua t i on  were lnconel 617 and N icke l  201. 
These m a t e r i a l s  were se lec ted  based on t h e  combination o f  d e s i r a b l e  p roper t i es ,  
i nc lud ing  t h e  pred ic ted  low-cyc le - fa t igue performance, creep s t rength ,  oxida- 
t i o n  res is tance,  m e t a l l u r g i c a l  s t a b i l i t y  (no  ag ing  e f f e c t s ) ,  and f a b r i c a b i l i t y .  
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Candidate cooled passage c o n f i g u r a t i o n s  were: 
(a )  P l a t e  f i n  
( b )  Machined f i n  
( c )  Photochemical ly m i l l e d  (PCM) c i r c u l a r  o r  t rapozo ida l  shaped channels 
(d )  Photochemical l y  m i  I led (PCM) p i n  f i n s  
Low-cycle-fat igue l i f e  and creep analyses show t h a t  t h e  longes t  c y c l e  l i f e  can 
be obtained us ing  t h e  PCM process t o  form channel-type passages. T h i s  geometry 
was selected as t h e  pr imary  panel c o n f i g u r a t i o n ;  PCM p i n - f i n s  were se lec ted  as 
a second c o n f i g u r a t i o n .  P i n  f i n s  have appl i c a t i o n  t o  s i t u a t i o n s  i n v o l v i n g  
l o c a l l y  h igh  heat f l uxes ,  i n  which t h e  r e l a t i v e l y  h igh  u n i t  pressure drop can 
be accommodated. 
MATERIAL PROPERTY TESTS 
Genera I 
Add i t i ona l  b a s i c  ma te r ia l  p r o p e r t i e s  were needed t o  f u r t h e r  eva lua te  t h e  
selected cand ida te  ma te r ia l s .  Data on t h e  combined e f f e c t s  o f  b r a z i n g  and 
aging cyc les  on t h e  d u c t i l i t y  of  N icke l  201 and lnconel 617 were n o t  a v a i l a b l e .  
I n  a d d i t i o n ,  t h e  a v a i l a b l e  t e n s i l e  da ta  i s  repor ted  on bar  specimens whereas 
t h e  panels employ sheet ma te r ia l s .  Consequently, t e s t s  were conducted t o  
o b t a i n  t h e  requ i red  m a t e r i a l  p roper t ies .  
N icke l  201 T e n s i l e  P r o p e r t i e s  
Specimen design.--The two types of specimens used f o r  t h e  t e n s i l e  t e s t i n g  
of  t h e  N icke l  201 sheet m a t e r i a l s  a r e  shown i n  f i g .  5. The f i r s t  s e t  o f  t e n s i l e  
t e s t s  were performed on 0.50-in. wide s t r i p s  of N icke l  201 sheet m a t e r i a l  w i t h  
t h e  th i ckness  of t h e  c e n t r a l  p o r t i o n  reduced t o  0.015 in .  Subsequent t e s t s  were 
conducted w i t h  t h e  dog-bone specimen design w i t h  a 0.50-in. wide and 0.030-in. 
t h i c k  c e n t r a l  t e s t  sec t ion .  The r e d u c t i o n  i n  th i ckness  o f  b o t h  types  o f  speci-  
mens was accomplished by  a chemical e t c h i n g  process t o  s imu la te  t h e  process used 
i n  f a b r i c a t i o n  of  t h e  panels. 
T e s t  resu l ts . - -Resu l ts  o f  room-temperature and elevated temperature 
t e n s i l e  t e s t s  on N icke l  201 sheet m a t e r i a l  a r e  summarized i n  Tables 5 and 6, 
r e s p e c t i v e l y .  
The room temperature t e s t s  on t h e  as-received m a t e r i a l  i nd i ca ted  t h a t  t h e  
m a t e r i a l  was somewhat work hardened. 
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OF POOR QUALITY 
F-34902 
Figure  5.-Tensi le t e s t  specimen. 
The elevated-temperature t e n s i l e  t e s t s  were r u n  a t  1400"F, which i s  t h e  
average o f  t h e  p i n - f i n  and channel panels  h o t  face  sheet o p e r a t i n g  tempera- 
tures.  T h i s  a l s o  i s  t h e  s p e c i f i e d  temperature l e v e l  fo r  t h e  panel creep- 
r u p t u r e  t e s t s  and f o r  t h e  LCF t e s t s .  
One of t h e  dog-bone specimens was sect ioned ( p r i o r  t o  ag ing)  t o  e s t a b l i s h  
t h e  edge form t o  be used i n  computing t h e  c ross-sec t iona l  area. The form o f  
t h e  chemica l l y  m i l l e d  s e c t i o n  i s  shown i n  f i g .  6. 
For t h e  room temperature r e s u l t s ,  t h e  f o l l o w i n g  conc lus ions  can be made: 
( a )  For t h e  annealed m a t e r i a l ,  t h e  y i e l d  s t r e n g t h  i s  a t  t h e  low I i m i t  
f o r  t h e  m a t e r i a l ,  a l though t h e  u l t i m a t e  i s  c l o s e  t o  nominal. The 
d u c t i l i t y ,  as measured by r e d u c t i o n  i n  area ( R A ) ,  a l s o  i s  low. Both 
t h e  reduced y i e l d  s t r e n g t h  and d u c t i l i t y  can be a t t r i b u t e d  t o  t h e  
e f f e c t  o f  m a t e r i a l  th inness;  it i s  d o u b t f u l  t h a t  t h e  chemical 
machining process i s  a c o n t r i b u t i n g  f a c t o r .  
( b )  Braz ing degrades y i e l d  s t r e n g t h  about 30 percent;  subsequent ag ing  
does n o t  resu  I t i n  f u r t h e r  degradat ion.  
( c )  Braz ing degrades d u c t i l i t y ,  and subsequent ag ing  r e s u l t s  i n  f u r t h e r  
loss  o f  d u c t i  I i t y .  
( d )  Aging causes most o f  t h e  damage, i.e., loss  o f  u l t i m a t e  t e n s i l e  
s t r e n g t h  and d u c t i l i t y .  N i c k e l  201, a low carbon v e r s i o n  o f  N icke l  
200, i s  n o t  s u s c e p t i b l e  t o  embr i t t lement  by i n t e r g r a n u l a r l y  p r e c i p i -  
t a t e d  carbon o r  g r a p h i t e  when he ld  a t  temperatures o f  600" t o  1400°F 
f o r  extended p e r i o d s  o f  t ime. Therefore,  t h e  o x i d a t i o n  t h a t  occurs  
d u r i n g  t h e  a i r  ag ing c y c l e  i s  probably  t h e  main cause o f  degradat ion.  
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" S t r i p "  
0.01 5- i  n. 
t h i c k  tes 
sec t ion  
"Dog-bone 
0.030- in. 
t h i c k  tes  
sec t  ion 
Process i ng 
As-recei ved 
Test da ta  
Average 
Suppl i e r  Hard sheet 
data ( 1 ) Annealed sheet 
Annealed (1400'F f o r  15 min.) 
Average 
Pseudo brazed (2070'F f o r  
IO min.) 
Average 
Pseudo brazed and aged i n  
a i r  f o r  1000 h r s  a t  1450OF 
Average 
Aged i n  a i r  on ly ,  1000 h r s  
a t  1450'F 
Average 
Brazed a t  2070'F f o r  5 min. 
and aged i n  argon a t  1450-F 
f o r  100 h r s  
Average 
Brazed a t  207OOF f o r  5 min. 
and aged i n  argon a t  1450-F 
f o r  300 hrs  
Average 
Brazed a t  2070.F f o r  5 min. 
and aged i n  argon a t  1450-F 
f o r  IO00 hrs  
Average 
Aged i n  argon on ly  f o r  100 hrs  
a t  1450'F 
Average 
Aged i n  argon on ly  f o r  300 hrs  
a t  1450.F 
Average 
Aged i n  argon o n l y  fo r  1000 hrs 
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( 4 )  
Hardness 










( 4 )  
( 1 )  Hunt ington a1 loys, "Nickel A i  loys", 15M2-72T-15, 1972. 
( 2 )  Elongat ion and reduc t ion  o f  area data f o r  each sheet specimen may vary approximately 250 percent due t o  
u n c e r t a i n t i e s  inherent  i n  measuring technqiues. 
( 3 )  Y ie ld  s t r e n g t h  values a r e  approximate. 
( 4 )  Not evaluated f o r  these speclmens. 
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TABLE 6.-TENSILE TEST DATA FOR NICKEL 201 AT 1400°F 
("Dog-Bone" 0.033-in T h i c k  Test  Sect ion) 
P r o c e s s i n g  
Annealed (1400°F f o r  15 min.) 
Average 
Pseudo b r a z e d  (2070'F f o r  
IO min.) 
Average 
Pseudo brazed and aged i n  
a i r  f o r  1000 h r s  a t  1450'F 
Average 
Aged i n  a i r  o n l y ,  1000 h r s  
a t  1450°F 
Aver age 
Brazed a t  2070" f o r  5 min. 
Aged i n  Argon a t  1450°F f o r  
100 h r s  
Average( 4, 
Brazed a t  2070°F f o r  5 min.  
Aged i n  Argon a t  1450°F f o r  
300 h r s  
Average ( 4, 
Brazed a t  2070°F f o r  5 min. 
Aged i n  Argon a t  1450°F f o r  
1000 h r s  
Average(4)  
Aged i n  Argon o n l y  f o r  100 h r s  
a t  1450°F 
Aver age ( 
Aged i n  Argon o n l y  f o r  300 h r s  
a t  1450'F 
Aver age ( ) 
Aged i n  Argon o n l y  f o r  1000 h r s  
a t  1450°F 
Averaae ( 4 ,  
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( 1 )  E l o n g a t i o n  and r e d u c t i o n  o f  a r e a  d a t a  f o r  each s h e e t  specimen may v a r y  a p p r o x i m a t e l y  
+50 p e r c e n t  due t o  u n c e r t a i n t i e s  i n h e r e n t  i n  measurement techn ique.  
( 2 )  Y i e l d  s t r e n g t h  v a l u e s  a r e  approx imate .  
( 3 )  Specimen f a i l e d  i n  t r a n s i t i o n  r a d i u s .  
( 4 )  Data i s  q u e s t i o n a b l e .  R e f e r  t o  e x p l a n a t i o n  i n  t e x t .  
F-34932 
Figure 6.-Edge form on Nickel  201 t e n s i l e  t e s t  specimens. 
The elevated temperature t e s t  r e s u l t s  w i t h  t h e  dog-bono specimens aged i n  
a i r  (Table 6 )  s u b s t a n t i a l l y  agree w i t h  room temperature t rends. There i s  sub- 
s t a n t i a l  reduc t i on  i n  d u c t i l i t y  due t o  b r s z i n g  and aging, al though t h e  y i e l d  
s t reng th  s l i g h t l y  improves a f t e r  aging. 
To separate t h e  e f f e c t s  o f  braze c y c l e  and aging from those o f  o x i d a t i o n  a 
s e r i e s  o f  t e s t s  were conducted on dog-bone-type t e n s i l e  t e s t  specimens which had 
been aged i n  an i n e r t  argon atmosphere. Ha l f  o f  t h e  specimens were subjected t o  
a 2070°F pseudo-braze c y c l e  p r i o r  to aging. Specimens were aged f o r  100, 300 
and 1000 hrs. The room temperature and elevated temperature t e s t  r e s u l t s  a r e  
presented i n  Tables 5 and 6, respec t i ve l y .  
Both room temperature and elevated temperature load VS. def  I e c t  ion curves 
e x h i b i t e d  a sec t i on  o f  ind icated load increase w i t h  no d e f l e c t i o n ;  a s h o r t  sec- 
t i o n  where t h e  d e f l e c t i o n  var ied l i n e a r l y  w i t h  load; and a sec t i on  where d e f l e c -  
t i o n  increased a t  an increas ing r a t e  r e l a t i v e  t o  loading. Because of shortness 
o f  t h e  l i n e a r  p o r t i o n  o f  t h e  curve, accurate determinat ion o f  t h e  s lope was 
impossible. As a r e s u l t ,  t h e  y i e l d  s t r e n g t h  values shown i n  Tables 5 and 6 
f o r  argon-aged specimens a r e  o n l y  approximate. 
Cl ip-on type extensometers were used for a l l  t e s t s  to  determine t h e  Ioad- 
d e f l e c t i o n  p l o t .  
tests .  However, d u r i n g  t h e  1400°F t e s t s ,  t h e  c l i p s  produced n o t i c e a b l e  indenta- 
t i o n s  i n t o  t h e  t e s t  specimens. 
l o c a l i z e d  o x i d a t i o n  a t  t h e  c l i p  a t t a c h  points .  
No problems were encountered d u r i n g  t h e  room'temperature 
There a l s o  appeared t o  be some p r e f e r e n t i a l  
The combined e f f e c t  o f  t h e  
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l oca l i zed  o x i d a t i o n  and t h e  i n t r o d u c t i o n  o f  t h e  s t r e s s  concent ra t ion  produced 
by t h e  indentat ions,  r e s u l t e d  i n  f r a c t u r e  o f  a l l  except four  o f  t h e  h i g h  tem- 
pera ture  specimens a t  t h e  c l i p  a t t a c h  po in ts .  Due t o  t h e  p o s s i b i l i t y  o f  pre- 
mature f r a c t u r e  caused by these e f f e c t s ,  t h e  u l t i m a t e  s t rength ,  e longat ion,  and 
reduc t ion  o f  area va lues f o r  t e s t  i tem nos. 6 through 1 1  i n  Table 6 a re  
quest ionable.  
Comparison o f  t h e  u l t i m a t e  s t rength ,  e longat ion,  and reduc t i on  i n  area 
r e s u l t s  f o r  t h e  argon-aged specimens w i t h  those aged i n  a i r  i nd i ca tes  t h a t  
ox ida t i on  reduces t h e  d u c t i l  i t y  o f  t h e  N icke l  201 ma te r ia l  by a f a c t o r  o f  two 
and t h e  u l t i m a t e  s t r e n g t h  by about 30 percent. The aging process appears t o  be 
t h e  governing f a c t o r  i n  lower ing t h e  d u c t i l i t y ,  and t h e  change produced by t h e  
braze c y c l e  i s  minimal. 
Although a marked improvement i n  reduc t i on  i n  area ( R A )  i s  r e a l i z e d  f o r  t h e  
brazed and argon-aged N icke l  201 m a t e r i a l  (33 percent )  over  those brazed and 
aged i n  a i r  (16 percent ) ,  t h e  argon-aged RA i s  s t i l l  w e l l  below t h e  97 percent  
f i g u r e  I i s t e d  i n  Table 2 f o r  N icke l  200 pa ren t  m a t e r i a l  and t h e  70 percent 
va lue assumed f o r  N icke l  201 i n  t h e  LCF l i f e  c a l c u l a t i o n s  i n  Table 4. T h i s  
may i n d i c a t e  a reduced LCF I i f e  for N icke l  201 i n  t h e  planned app l i ca t i on .  
The eng ine panels a r e  exposed t o  hydrogen atmosphere du r ing  opera t i on  and 
are,  t he re fo re ,  more c l o s e l y  represented by c o n d i t i o n s  encountered du r ing  t h e  
argon aging cyc le .  
cons idera t ion  i n  t h i s  appl  !cat ion.  
exposure on t h e  m a t e r i a l  d u c t i l i t y  a r e  most meaningful  us ing  specimens repre- 
sent ing t h e  se lected coo l  ing j a c k e t  con f igu ra t i ons ,  a t  des ign temperature and 
pressure. No embr i t t lement  t e s t i n g  was done on t h i s  program. 
Hydrogen embr i t t lement  o f  t h e  pa ren t  metal  i s  a f u r t h e r  
Tests  t o  a s c e r t a i n  t h e  e f f e c t s  o f  hydrogen 
lnconel 617 T e n s i l e  P roper t i es  
Specimen design.--Three types  o f  specimens were used i n  t h e  t e n s i l e  t e s t s .  
The s t r i p  t y p e  specimen was shown e a r l i e r  i n  f i g .  5. The c e n t r a l  p o r t i o n  o f  t h e  
specimen was reduced t o  0.015-in. The s o l i d  bar specimen i s  shown i n  f i g .  7. 
F-34922 
Figure  7.-lnconel 617 b a r  t e n s i l e  t e s t  specimen. 
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The t e s  sec t i on  on these specimens measured 0.44-in. To o b t a i n  a d d i t i o n a l  
data on lnconel 617 m a t e r i a l  w i t h  a th i ckness  between t h e  0.015-in. t h i c k  sheet 
mater ia  and t h e  0.44-in. bar specimens, t u b u l a r  low-cyc le- fa t igue t e s t  speci-  
mens o f  t h e  design shown i n  f i g .  8 were subjected t o  t e n s i l e  t e s t i n g .  
th ickness o f  t h e  gage sec t i on  on these specimens was 0.060-in. 
The 
F igure 8.-lncone 
Test results.--The 
t e n s i  l e  t e s t s  on lncone 
F-34923 
617 low-cycle f a t i g u e  and t e n s i l e  t e s t  specimen. 
r e s u l t s  o f  t h e  room temperature and e levated temperature 
617 a r e  summarized i n  Tables 7 and 8, r e s p e c t i v e l y .  
The room-temperature t e s t s  on t h e  as-received m a t e r i a l  i n d i c a t e  t h a t  t h e  
m a t e r i a l  was c o l d  worked, probably because o f  t h e  mechanical machining process 
used t o  o b t a i n  t h e  des i red 0.015-in. t e s t  sec t i on  th ickness. 
Room temperature and elevated temperature t e s t s  were performed t o  deter-  
mine t h e  e f f e c t s  o f  b raz ing  and e levated temperatures on m a t e r i a l  p roper t i es .  
The d u c t i l i t y  o f  t h e  sheet specimens a s  i nd i ca ted  by e longa t ion  and reduc- 
t i o n  i n  a rea  measurements (da ta  i t e m  2, Table 7 and data i tem 1, Table 81, 
appears t o  have been s u b s t a n t i a l l y  reduced by t h e  b raz ing  and aging process. 
The room temperature t e n s i l e  t e s t  r e s u l t s  for t h e  bar specimens c l o s e l y  
match t h e  t y p i c a l  data provided by t h e  supp l i e r ,  Hungtington A l l oys ,  f o r  t h e  
as-received ma te r ia l .  The y i e l d  s t r e n g t h  s l i g h t l y  exceeds t h e  t y p i c a l  data; 
t h e  d u c t i  i i t y ,  as measured by reduc t i on  i n  area ( R A ) ,  i s  about equal t o  t h e  
t y p i c a l  data. 
t h e  s u p p l i e r ' s  data f o r  aged m a t e r i a l  on ly .  There i s  d i s t i n c t  reduc t i on  i n  
d u c t i l i t y  ( R A )  accompanied by increases i n  b o t h  t h e  u l t i m a t e  and y i e l d  s t reng ths  
due t o  ag ing (see lnconel 617 creep r u p t u r e  panel t e s t  r e s u l t s ) .  
The measured p r o p e r t i e s  o f  t h e  brazed and aged m a t e r i a l  con f i rm  
The r e d u c t i o n  i n  area o f  t h e  hol low-bar specimens t e s t e d  a t  1600°F (22.6 
percent)  f a l l s  between t h e  r e d u c t i o n  i n  area o f  t h e  0.44-in. d ia .  s o l i d  bar 
(54.7 percent)  and t h a t  o f  t h e  0.015-in. t h i c k  sheet (11.4 percent) .  The 
decrease i n  p r o p e r t i e s  from bar t o  sheet i s  due t o  t h e  combined e f f e c t  o f  
ox ida t i on /b raze  pene t ra t i on  and t h e  normal t h i ckness  e f f e c t .  
25 
1 I . 0  i- r'. .*, - : - 8  
OF, POOR QUALi-r'f 

































" S t r  I p" 
0.015-in. 
t h i c k  t e s t  
"Sol Id bar" 
0.44-in. d i a  
t e s t  section 
Process i ng 
Brazed with Pa ln i ro  I and 
exposed 1000 hrs a t  
1600'F i n  a i r  
Average 
Supplier data for  solut ion 
annealed, cold r o i l e d  
sheet ( 2 )  
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Supplier data for  solution- 
treated. cold r o l  led 
sheet ( 2 )  
Brazed with Pa ln i ro  i and 
exposed 1000 hrs a t  1600'F 
i n  a i r  
Average 
"Sol id bar" 
0.44-in.  dia. 
t e s t  section 











Supplier data for soiutlon- 
treated. hot r o I  led rod ( 3 )  
Pseudo brazed and aged IO00 
hrs a t  1600.F i n  a l r  
Average 
Supplier data for hot r o l l e d  
rod, aged 1000 hrs a t  
1600'F ( 3 )  
( 1 )  Elongation and reduction of  area t e s t  data for  each sheet specimen may vary approxlmately 
- t50 percent due t o  uncertalnt les Inherent I n  measuring techniques. 
( 2 )  Huntington A I  ioys, "inconel Ai loy 617" 20M9-72T-46. 1972. 
( 3 )  Data sheet, internat ional  Nlckel Company. 
TABLE 8.-TENSILE TEST DATA FOR INCONEL 6 1 7  AT 1600°F  
ercent 
longation 



























































Supplier data for  solut ion 
annealed, hot r o l l e d  
rod (2 )  
Pseudobrazed and aged 
1000 hrs a t  1600.F i n  a i r  
Average 
' " 0 1  low-bar" 
0.060- i n . 









(I)  Elongation and reduction of area t e s t  data for  each sheet specimen may vary approximately 
- t 5 0  percent due t o  uncertalnt les inherent i n  measurment techniques. 
( 2 )  Huntington alloys, "Inconel A I  loy 617" 20M8-79-T-46. 1979. 
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Low Cyc le  Fa t igue  P r o p e r t i e s  
N i c k e l  201 LCF predic t ions. - -Fat igue t e s t  data obta ined on N icke l  200 
mate r ia l  as p a r t  o f  t h e  Hypersonic-Research Engine program were reviewed ( r e f .  
12). N icke l  201, t h e  m a t e r i a l  being i nves t i ga ted  i n  t h i s  program, i s  i d e n t i c a l  
i n  composi t ion t o  N icke l  200 except f o r  t h e  carbon content,  which i s  l i m i t e d  t o  
0.02 percent  maximum compared w i th  0.15 percent  maximum f o r  N icke l  200. The 
LCF da ta  f o r  N icke l  200 and 201 should t h e r e f o r e  be comparable. 
A comparison between t h e  data from t h e  HRE program and a p r e d i c t i o n  us ing  
an RA o f  70 percent  t o  account f o r  braze e f f e c t s ,  and an ou te r  f i b e r  temperature 
o f  1450°F i s  shown i n  f i g .  9. The p red ic ted  l i f e  i s  based on a 6-minute hold- 
t ime; and thus  inc ludes  a f a c t o r  f o r  creep damage. The p l a s t i c  s t r a i n  range f o r  
p l a t e f i n  and machined-f in specimens i s  i nd i ca ted  i n  f i g .  9. 
A lso  inc luded i n  f i g .  9 i s  a l i f e  p r e d i c t i o n  based on t h e  33 percent  RA 
va lue obta ined from specimens subjected t o  a pseudo-braze cycle,  aged i n  Argon 
f o r  1000 hrs, and tes ted  a t  room temperature. For t h e  channel specimens, which 
a re  c lose  t o  t h e  machined f i n  con f igu ra t i on ,  t h e  c y c l e  l i f e  i s  as fo l l ows :  
P r e d i c t i o n  w i t h  RA = 70 percent :  13,000 cyc les  
HRE panel t e s t  data (average):  3,000 c y c l e s  
P r e d i c t i o n  w i t h  RA = 33 percent :  2,200 cyc les  
lnconel  617 LCF tests.--The t e s t  p lan f o r  t h e  low c y c l e  f a t i g u e  t e s t i n g  o f  
lnconel  617 ma te r ia l  was based on p l a s t i c - p l a s t i c  (P-PI s t r a i n  c y c l e  ( r e f e r  t o  
Table 9 )  i n  con junc t i on  w i t h  t h e  expected t e s t  t imes. 
data a v a i l a b l e  from t h e  P-P c y c l e  t e s t i n g  would be adequate t o  determine t h e  
c o m p a t i b i l i t y  o f  lnconel  617 w i t h  t h e  design requirements.  
I t  was judged t h a t  t h e  
C a l i f o r n i a  S ta te  U n i v e r s i t y  a t  Long Beach (CSULB) was se lec ted  t o  perform 
t h e  LCF t e s t i n g  on t h e i r  M a t e r i a l s  Tes t  System (MTS) equipment. 
In  s e l e c t i n g  t h e  MTS f a c i l i t i e s ,  va r ious  methods o f  s t r a i n  measurement and 
c o n t r o l  were considered. The most accura te  o f  these invo lves  t h e  use o f  high- 
temperature extensometers. The se lec ted  approach a t  CSULB uses a c a l i b r a t e d  
c ross  head. T h i s  i s  t h e  method cus tomar i l y  used i n  t h i s  f a c i l i t y ,  and it has 
been evaluated as cons is ten t  w i th  t h e  o b j e c t i v e s  o f  t h e  program, t h a t  i s ,  t h e  
data a v a i l a b l e  would be o f  s u f f i c i e n t  accuracy t o  p rov ide  t h e  des i red  evalu-  
a t i o n  o f  bas ic  p roper t i es .  
Tes t  specimen design.--The LCF t e s t  specimen i s  shown i n  f i g s .  8 and 10. 
The specimens were subjected t o  a pseudo-braze c y c l e  (b raze  temperature and 
t i m e  c o n d i t i o n s  b u t  no braze a l l o y )  and then aged i n  a i r  f o r  1000 h r s  a t  1600°F 
p r i o r  t o  t e s t i n g .  
p roper t i es .  
The unprocessed bars were used t o  e s t a b l i s h  t h e  as-received 
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TABLE 9.-INCONEL 617 LCF TESTING - P-P CYCLE 
App I i ed 
Number S t r a i n  Equi va I e n t  Es t  i mated ( 1 
o f  Range, AT Cycles t o  
Specimens in./ in. "F F i r s t  Crack 
3 0.0287 2000 310 
3 0.0144 1000 1,280 
3 0.0067 466 10,000 
Es t  i mated 






("Based on a RA o f  65 percent  and a KE o f  1.78 
-S-8879 ROLLED THDS 
A.18681 
F igu re  10.-Inconel 617 low-cycle f a t i g u e  t e s t  specimen. 
- - ~ - -  Tes t  resu l ts . - -Resu l ts  of  t h e  lnconel 617 low c y c l e  f a t i g u e  t e s t  us ing  a 
P-P c y c l e  a r e  shown i n  f i g .  1 1 .  The pred ic ted  curve  based on t y p i c a l  proper-  
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ranges for t h e  machined channel and p i n  f i n  c o n f i g u r a t i o n s  a r e  a l s o  included 
f o r  reference. Specimen behavior was as expected and no anomalies were observed. 
Specimen f r a c t u r e  occur red  a long a l i n e  normal t o  t h e  specimen c e n t e r l i n e  and i n  
t h e  cen te r  o f  t h e  e l l i p t i c a l  cu tou t ,  as p red ic ted .  
The r e s u l t s  show t h a t  for  t h e  same t o t a l  s t r a i n  range, t h e  t e s t  specimen 
c y c l e  l i f e  i s  about one o rde r  o f  magnitude l e s s  than pred ic ted .  The reduced 
l i f e  i s  a t t r i b u t e d  t o  t h e  d e l e t e r i o u s  e f f e c t s  o f  exposure t o  h i g h  temperature 
braze c y c l e  and ag ing  i n  a i r  f o r  1000 h r s  a t  1600°F. 
The p red ic ted  P-P c y c l e  l i f e  was recomputed us ing  t h e  y i e l d  s t r e n g t h  and 
r e d u c t i o n  i n  a rea  ( R A )  va lues  ob ta ined from t h e  s o l i d  and t u b u l a r  ba r  t e n s i l e  
t e s t s  and a r e  presented i n  Table 10. The formula used t o  p r e d i c t  P-P LCF l i f e  
i s  as  f o l  lows: 
1.67 
0.75 D.P 
Npp = [ ] 
where : 
D.P. =- in 100 
1 OO-RA 
Acpp = Local p l a s t i c  s t r a i n  range 
The cons tan ts  0.75 and 1.67 a r e  u n i v e r s a l  f a c t o r s  t h a t  have been found t o  
agree w e l l  w i t h  t h e  LCF t e s t  r e s u l t s  f o r  a number o f  ma te r ia l s .  
Good c o r r e l a t i o n  i s  ob ta ined between t h e  a n a l y t i c a l l y  p r e d i c t e d  f a t i g u e  
l i f e ,  us ing  t h e  RA va lues  from t e n s i l e  t e s t s ,  and t h e  LCF t e s t  r e s u l t s  f o r  t h e  
ho l low bar  specimens. The c l o s e  agreement between t h e  p red ic ted  LCF l i v e s  
ob ta ined  a n a l y t i c a l l y  and f r o m  exper imental  da ta  s u b s t a n t i a t e s  t h e  use o f  
a n a l y t i c a l  techn iques  t o  eva lua te  t h e  l i f e  expectancy o f  engine panels a t  condi-  
t i o n s  t h a t  may d i f f e r  from t h e  s p e c i f i c  and l i m i t e d  t e s t  cond i t i ons .  
The low c y c l e  f a t i g u e  t e s t i n g  on t h e  Inconel 617 specimens was l i m i t e d  
t o  t h e  P-P c y c l e  i l l u s t r a t e d  i n  Tab le  9. I n  t h e  a c t u a l  panel a p p l i c a t i o n  t h e  
c y c l e  w i l l  be a combinat ion o f  t h e  P-P and P-C c y c l e s  whereby t h e  the rma l l y  
induced s t resses  a r e  maintained f o r  an apprec iab le  l e n g t h  o f  t i m e  causing creep 
r e l a x a t i o n  s t r a i n  t o  occur. A combined P-P/P-C was assumed and t h e  LCF l i f e  
p r e d i c t i o n s  were re -ca l cu la ted  for  severa l  a p p l i e d  s t r a i n  ranges us ing  t h e  RA 
and y i e l d  va lues  ob ta ined from bar  and sheet t e n s i l e  tes ts .  The r e s u l t s  a r e  
a l s o  presented i n  Table 10. A s t r a i n  concen t ra t i on  f a c t o r  o f  1.78 was used so 
t h a t  a1 I p red ic ted  LCF I i f e  va lues  would be compat ib le  w i t h  t h e  t e s t  r e s u l t s  
from t h e  ho l l ow  bar specimens. The creep s t r a i n  r e s u l t s  i n  a lower p r e d i c t e d  
l i f e  i n  a l l  cases w i t h  t h e  e f f e c t  be ing  g r e a t e r  for  t h e  lower a p p l i e d  s t r a i n  
ranges . 
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TABLE IO.-COMPARISON OF FATIGUE L I F E  PREDICTIONS - INCONEL 617 AT 160O0F 
~~~~ 
P-P 
C y c l e  o n l y  
Comb i ned 
P-P a P-c 
P-P 
0.44 s o l i d  b a r  (RA = 54.6%)(5) 
C y c l e  o n l y  
0.06 h o l l o w  b a r  (RA = 22.6%)(5) 
Combined 
P-P & P-c 
P-P 
C y c l e  o n l y  






0.00366 ( 2 )  I ( A T  = 420) 0.00405 (3) (AT = 465) 0.00483 (AT = 555) 0.00522 (AT = 600 0.00609 (AT = 700) A p p l i e d  s t r a i n  r a n g e ( l )  
L o c a l i z e d  s t r a i n  r a n g e ( 4 )  
P r e d i c t e d  l i f e  c v c l e s  
0.00651 0.00721 0.00929 0.0 IO84 0.01239 0.00860 
4 949 1 6865 4158 3397 232 1 C y c l e  o n l y  Comb i ned P-P a P-c Pub1 ished d a t a  (RA = 65%) 3179 2717 2097 1836 1442 
207 5 1737 1234 
1359 1193 923 
187 315 264 
233 202 152 
82 57 99 
12 62 46 
Comb i ned 
P-P a P-c 126 I 103 
I T e s t  c u r v e  - h o l l o w  b a r  specimens, P-P 620 I 475 290 240 170 
~~~ ~ 
( I ) V a l u e s  i n  b r a c k e t s  r e p r e s e n t  AT between f a c e  sheet  and s u p p o r t  
( 2 ) D e s i g n  p o i n t  f o r  p i n  f i n  c o n f i g u r a t i o n ;  r e f e r  t o  T a b l e  1 
( 3 ) D e s i g n  p o i n t  f o r  machined channel  c o n f i g u r a t i o n ;  r e f e r  t o  T a b l e  1 
(4)Based on 1.78 s t r e s s  c o n c e n t r a t i o n  f a c t o r  f o r  h o l  low b a r  t e s t  specimen 
( 5 ) H o l l o w  b a r ,  exposed t o  pseudo-braze c y c l e  and aged 1000 h r s  a t  1600°F i n  a i r ;  r e f e r  t o  T a b l e  8 
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Fat igue t e s t  d a t a  obta ined w i t h  t h e  lnconel 617 specimens were a l s o  compared 
t o  data p r e v i o u s l y  ob ta ined w i t h  H a s t e l l o y  X mater ia l .  The r e s u l t s  a r e  shown i n  
f i g .  12. 
1.0 
HASTELLOY X, 16OO0F (REF. 1 )  
HASTELLOY X, 16OO0F (REF. 2) 
















CR-135022, May 1976 
TM-5405, OCTOBER 1971 
I O  1 o2 103 I o4 I o5 
REVERSALS TO FAILURE = 2Nf 
A 30822 
1 
F i g u r e  12.-Comparison of lnconel 617 t e s t  da ta  w i t h  
Hastel  l o y  X t e s t  data. 
The 
i n c l  ud i ng 
1.781, wh 
nconel 517 t e s t  specimen was designed t o  s imu la te  t h e  panel appl 
t h e  t h i c k n e s s  (0.060-in. w a l l )  and t h e  s t r e s s  concent ra t ion  ( K t ,  
l e  t h e  H a s t e l l o y  X t e s t s  employed a bar specimen w i t h  K t  = 1.0. 





cons is ten t ,  t h e  lnconel  617 da ta  shown on f i g .  12 were co r rec ted  for t h e  s t r a i n  
concent ra t ion  e f f e c t  by m u l t i p l y i n g  t h e  t o t a l  a p p l i e d  s t r a i n  by t h e  s t r a i n  con- 
c e n t r a t i o n  f a c t o r .  A t  t h e  10,000 c y c l e  design l i f e  (20,000 reve rsa l s ) ,  t h e  two 
m a t e r i a l s  a r e  equ iva len t  i n  terms o f  a l l owab le  p l a s t i c  s t r a i n .  The low p l a s t i c  
s t r a i n  f o r  H a s t e l l o y  X repo r ted  i n  r e f .  13 i s  a t t r i b u t e d  t o  t h e  low c y c l e  r a t e  
used i n  t e s t i n g .  According t o  r e f .  13: "Creep damage apparent ly  dominated a t  
1540°F ( 1  110°K) .It 
The p red ic ted  LCF l i f e  was c a l c u l a t e d  for  t h e  p i n  f i n  and machined channel 
panel c o n f i g u r a t i o n s  us ing  both t h e  pub l ished m a t e r i a l  p r o p e r t i e s  f o r  non-aged 
m a t e r i a l  and t h e  reduced m a t e r i a l  p r o p e r t i e s  ob ta ined from t e n s i l e  t e s t s  per- 
formed on t h e  hol low bar t e n s i l e  specimens which had been subjected t o  a p s e u d e  
braze c y c l e  and aged i n  a i r  for  1000 h r s  a t  1600°F. The c a l c u l a t i o n s  were made 
f o r  both lnconel  617 and Has te l l oy  X ma te r ia l s .  Due t o  t h e  s i m i l a r i t y  i n  compo- 
s i t i o n  between H a s t e l l o y  X and lnconel 617, t h e  same ag ing  f a c t o r s  were a p p l i e d  
t o  both. The r e s u l t s  a r e  presented i n  Table 1 1 .  
TABLE 1 1  .-PREDICTED LCF L I F E ( l )  FOR I NCONEL 61 7 AND HASTELLOY X 
~~ 
Conf i y u r a t i o n  
P i n  f i n  
(AT = 42OOF) 
T = 1600°F 
Channe I 
(AT = 465°F) 
T = 1600°F 
Bas is  for  
Mater i a I 
P r o p e r t i e s  






l e  8 
e s t s ( 2 )  
shed 
Tensi l e  8, 
LCF Tests(') 
lnconel  617 
~ 





Comb i ned 





Has te l l oy  X 





( l )Peak  s t r a i n  was based on t h e  c a l c u l a t e d  1.65 s t r e s s  concen t ra t i on  
t h e  p i n  f i n s  and channels. 
~~ 
Comb i ned 







.ac to r  tor  
(2 )Ma te r ia l  exposed t o  pseudo-braze c y c l e  and aged 1000 h r s  a t  1600°F. The 
reduc t i on  i n  p r o p e r t i e s  found i n  t e s t s  w i t h  lnconel  617 a t  1600°F were 
app l i ed  t o  H a s t e l l o y  X i n  t h e  absence o f  ac tua l  da ta  and due t o  t h e  s i m i l a r  
composi t ion of H a s t e l l o y  X and lnconel  617. 
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The e f f e c t  o f  ag ing on p red ic ted  LCF l i f e  i s  q u i t e  apparent. The p red ic ted  
LCF l i f e  f o r  t h e  combined c y c l e  based on aged m a t e r i a l  p r o p e r t i e s  i s  o n l y  14 
percent  t o  19 percent o f  t h e  LCF l i f e  us ing  publ ished m a t e r i a l  data. lnconel  
617 has l a rge r  c a l c u l a t e d  LCF I i ves  f o r  both c o n f i g u r a t i o n s  than Haste l  l oy  X and 
i s  be l ieved t o  be t h e  b e t t e r  o f  t h e  two m a t e r i a l s  f o r  t h e  scramjet  a p p l i c a t i o n .  
Conclusions and Recommendations 
The r e s u l t s  o f  t h e  t e n s i l e  t e s t s  performed on N icke l  201 and lnconel  617 
i n d i c a t e  t h a t  t h e  d u c t i l i t y  o f  both m a t e r i a l s  i s  s u b s t a n t i a l l y  reduced due t o  
combined e f f e c t s  o f  b raz ing  and aging cyc les.  The r e s u l t s  o f  t h e  low-cycle 
f a t i g u e  t e s t s  conducted on lnconel  617 specimens a l s o  i n d i c a t e  a lower a t t a i n e d  
LCF l i f e  i n  comparison w i t h  t h e  a n a l y t i c a l  p r e d i c t i o n s  us ing  publ ished data. 
The lower t e s t  LCF l i f e  i s  i n  keeping w i t h  t h e  lower d u c t i l i t y  found d u r i n g  t h e  
t e n s i l e  t e s t s .  
Both N icke l  201 and lnconel 617, however, p rov ide  an 
l i f e  over Has te l l oy  X. I t  i s  a n t i c i p a t e d  t h a t  t h e  LCF I i  
would be g rea te r  than t h e  p red ic ted  l i f e .  The f u l l  ag ing 
r e a l i z e d  u n t i l  toward t h e  end o f  i t s  l i f e  and t h e  average 
g rea te r  than t h e  1000-hr values used i n  t h e  p r e d i c t i o n  ca 
improvement i n  LCF 
e o f  an ac tua l  panel 
e f f e c t  would n o t  be 
d u c t i  I i t y  would be 
cu  I a t  i ons . 
FABRICATION PROCESS DEVELOPMENT 
Panel Design 
Creep-rupture t e s t  specimen design (2- by 3- in.  panels)  i s  shown i n  
f i g s .  13, 14, 15, and 16. The assembly w i t h  t h e  spaced channel p a t t e r n  face 
p la te,  shown i n  f i g .  15, was designed t o  be tes ted  a t  t h e  h o t  face temperature. 
In  t h i s  con f igu ra t i on ,  every o the r  channel has been e l im ina ted  t o  p rov ide  a 
l a rge r  b raz ing  area. The increased braze j o i n t  area was expected t o  compensate 
for  t h e  reduced braze j o i n t  s t reng th  a t  t h e  h o t  face temperature, and r u p t u r e  
was expected t o  occur i n  t h e  channel arch. 
Coolant  Passage Generat ion 
Photochemical m i l l i n g  (PCM) was s p e c i f i e d  f o r  coo lan t  passage genera t ion  
as t h e  bes t  method w i t h  regard t o  LCF l i f e .  A d d i t i o n a l l y ,  chemical machining 
i s  a t t r a c t i v e  because o f  t h e  r e l a t i v e l y  lower c o s t  and s h o r t e r  turn-around 
t i m e  associated w i t h  t h i s  process i n  comparison t o  o the r  a v a i l a b l e  o p t i o n s  
such as mechanical machining and EDM ( e l e c t r i c a l  d ischarge machining). 
H a s t e l l o y  X specimens were used f o r  i n i t i a l  eva lua t i on  o f  t h e  photochemical 
m i l l i n g  process and ind i ca ted  f e a s i b i l i t y .  Typ ica l  PCM N icke l  201 channel and 
p i n - f i n e  p a t t e r n  face p l a t e s  a r e  shown i n  f i g .  17. An lnconel  617 channel 
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F I N  SIDE 
SECTION A-A ( 1 O X  SIZE: TYP 2 PLACES) 
c- 
F i g u r e  13.-Test panel assembly. 
SECTION A - A  (10 X S I Z E )  
A-31239 
F i g u r e  14.-Face p l a t e  w i t h  channel pa t te rn .  
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1.99 ‘ l- I 
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- 
P.O2* T Y P  
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S E C T I O N  A-A (1OX S I Z E )  
F i g u r e  15.-Face p l a t e  w i t h  spaced-channel p a t t e r n .  
F i g u r e  16.-Face p l a t e  w i t h  p i n - f i n  p a t t e r n .  A-31240 
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F-34921 
F i g u r e  17.-PCM Nickel-201 face  p la tes .  
F igu re  18.-lnconel 617 channel specimen. 
J o i n i n g  Development 
P a l n i r o  1 (50 Au-25 Pd-25 N i ) ,  was se lec ted  for  panel b raz ing  for  t h e  
f o l l o w i n g  reasons: 
( a )  High s t reng th  a t  ope ra t i ng  temperature (1200°F) 
(b )  High d u c t i l i t y  wi th corresponding r e s i s t a n c e  t o  low c y c l e  f a t i g u e  
( c )  Ox ida t i on  r e s i s t a n c e  ( impor tan t  for exposed edges) 
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F-34921 
Figure 17.-PCM Nickel-201 face plates. 
Figure 18.-lnconel 617 channel specimen. 
Joining Development 
Palniro 1 (50 Au-25 Pd-25 Nil, was selected for panel brazing for the 
following reasons: 
( a )  High strength at operating temperature (1200°F) 
(b) High ductility with corresponding resistance to low cycle fatigue 
( c )  Oxidation resistance (important for exposed edges) 
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(d) Excellent wetting and flow characteristics 
(e) Minimal alloying with parent metal 
(f) Other gold-base alloys are available to enable step brazing 
(g) Available in foil form to permit accurate control of braze alloy 
quantity (especially important in this application because of the 
small coolant passage dimensions) 
Tests were performed to verify the effectiveness of the selected alloy to 
join the test panel materials, lnconel 617 and Nickel 201. T-section specimens 
were brazed using a single layer of 0.001-in. Palniro 1 foil. Two lnconel 617 
specimens were nickel plated, 0.0001 to 0.0002 in. thick, to promote alloy flow 
and wetting. 
A typical photomicrograph of an as-brazed section of each material is 
shown in fig. 19. The braze alloy shows good gap filling, flow, and wetting, 
no significant penetration, and no porosity on all specimens. lnconel 617 
brazing was satisfactory with and without plating. 
measure the plating was retained in subsequent brazing operations. 











Nicke l  201 panels.--Creep-rupture t e s t  panels were brazed us ing  0.001-in. 
t h i c k  P a l n i r o  1 f o i l .  Typ ica l  r e s u l t s  o f  t h e  ho lograph ic  i nspec t i on  preformed 
on a s e r i e s  o f  N icke l  201 panels a r e  presented i n  f i g .  20. Rework o f  pane ls  
t h a t  d isp layed ho lograph ic  i n d i c a t i o n s  o f  voids,  and t h a t  were judged r e p a i r -  
able, was accomplished by i n s e r t i n g  p i n s  th rough face  and back p l a t e s  o r  by 
us ing  a doubler brazed over t h e  p o t e n t i a l l y  weak areas. The remaining a c t i v e  
panel area was adequate t o  o b t a i n  a v a l i d  measurement o f  t h e  c reep- rup ture  
strength.  
Braze j o i n t  evaluat ion.--Fol lowing c reep- rup ture  t e s t i n g ,  severa l  o f  t h e  
N icke l  201 panels were sect ioned for  m e t a l l u r g i c a l  eva lua t i on  o f  t h e  P a l n i r o  1 
braze j o i n t s .  Resu l t s  showed i n d i c a t i o n s  o f  braze j o i n t  p o r o s i t y  ( f i g .  21).  
Creep-rupture t e s t  r e s u l t s  have ind i ca ted  t h a t  panel l i f e  f o r  N icke l  201 i s  n o t  
l i m i t e d  by t h e  braze j o i n t  p r o p e r t i e s  (see N icke l  201 panel c reep- rup ture  t e s t -  
ing).  Braze j o i n t  p o r o s i t y ,  however, i s  o f  concern because i t  reduces t h e  low 
c y c l e  f a t i g u e  l i f e  o f  t h e  panels by p r o v i d i n g  s t r e s s  concen t ra t i ons  which serve  
as  c rack  s t a r t e r s  o r  c rack  j o i n e r s .  Al though a r e l a t i v e l y  minor e f f e c t ,  t h e  
j o i n t  s t r e n g t h  i s  a l s o  reduced due t o  l o s s  o f  load-bearing area, which i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  percentage o f  v o i d s  i n  t h e  cross-sect ion.  Con- 
sequently, a s e r i e s  o f  screening t e s t s  were conducted t o  i d e n t i f y  t h e  causes 
o f  t h i s  cond i t ion .  The t e s t  s e r i e s  i s  s p e c i f i e d  i n  Table 12. The screening 
t e s t s  were se lec ted  t o  f u r t h e r  e v a l u a t e  t h e  e f f e c t s  o f  pane l  f l a t n e s s ,  amount 
o f  f i l l e r  a l l o y ,  loading, and t ime-at-braze temperature. 
Metal I u r g i c a l  examination o f  t h e  brazed specimens showed t h a t  c o n s i s t e n t l y  
sound braze j o i n t s  cou ld  be obtained, f r e e  o f  p o r o s i t y  w i t h  no c o o l a n t  passage 
plugging, as t y p i f i e d  by f i g .  22. Resu l t s  f u r t h e r  showed t h a t  f i t - u p  i s  t h e  
most l i k e l y  cause o f  voids. Local h igh  spo ts  o r  c u r v a t u r e  prevent  i n t i m a t e  
contac t .  F i t -up  i s  e s p e c i a l l y  c r i t i c a l  when t h e  braze f o i l  t h i ckness  i s  0.001- 
in. o r  less. Hence, t h e  se lec ted  procedure was t o  g r i n d  t h e  t e s t  p l a t e s  f l a t  
w i t h i n  0.0005-in. and then hand lap  t o  promote good contac t .  
lnconel 617 panels.--One p i n - f i n  ( S N  10) and one channel (SN 1 1 )  con f i gu ra -  
t i o n  c reep- rup ture  t e s t  specimen were brazed us ing  0.0006-in. t h i c k  P a l n i r o  1 
f i l l e r  a l l o y  f o i l .  The panels were n i c k e l  p la ted ,  0.00005 t o  0.0001-in. t h i c k  
t o  enhance a l l o y  f l o w  and wet t ing .  Typ ica l  r e s u l t s  o f  ho lograph ic  i nspec t i on  
performed on lnconel 617 panels a r e  presented i n  f i g .  23. 
Creep-rupture t e s t  r e s u l t s  a r e  summarized i n  Tab le  13 and shown i n  f i g .  24. 
Braze j o i n t  s t r e n g t h  compared t o  pa ren t  metal  p r o p e r t i e s  and r e q u i r e d  s t r e n g t h  
i s  as fo l l ows :  
R a t i o  of  J o i n t  S t reng th  R a t i o  o f  J o i n t  S t reng th  
Con f igu ra t i on  t o  Base Metal S t reng th  t o  Required St rength  
Channel 0.31 6.3 
P in -F in  0.35 3.0 
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Figure 
a. CHANNEL SPECIMEN AT 2000 PSlG 
b. SPACED CHANNEL SPECIMEN AT 1880 PSlG 
F-34951 C. PIN-FIN SPECIMEN AT400  PSlG 
2O.-Nickel 201 panel holographic inspection. 
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M I C R O  9896 1 ox F-34953 
Figure  21.-Section through spaced-channel specimen a f t e r  t e s t .  
Specimen number 
Braze a l l o y  
Thickness, in. 
Load, p s i  
P l a t i n g  
Time a t  braze 
temperature, m in. 
Flatness, in .  
TABLE 12.-SCREENING TESTS FOR 
BRAZE JOINT VOIDS I N  NICKEL 
1 































N i  
1 
0.0005 
*Load app l i ed  a t  braze temperature 
**Applied as powder, 0.2 g/sq. in. 
The P a l n i r o  1 braze j o i n t  s t r e n g t h  i s  approximately a t h i r d  o f  t h e  parent  
metal strength,  b u t  t h e  creep-rupture design margin i s  adequate f o r  t h e  intended 
app I i ca t i on .  
In  bo th  panels, separa t ion  occurred a long t h e  braze j o i n t  ( f i g .  25). 
Three laye rs  a r e  v i s i b l e  i n  t h e  rup tu red  panel: ( 1 )  a whi te,  g o l d - r i c h  zone i n  
t h e  center,  ( 2 )  a b l a c k  area formed by a r e a c t i o n  between t h e  braze and t h e  
base metal,  and ( 3 )  a l i g h t  g rey  d i f f u s i o n  zone. 
ORIGINAL PAGE rs 
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Figure 22.-Nickel 201 braze j o i n t  
evaluat ion,  specimen no. 1. 
F-34946 
The top o f  t he  photograph shows channel specimen a t  
2000 ps ig ;  The bottom i s  p i n - f i n  specimen a t  2000 ps ig.  
F igu re  23.-lnconel 617 panel holographic inspect ion.  
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TABLE 13.-INCONEL 617 PANEL CREEP-RUPTURE TEST DATA 
Appl ied 
Amb i en t Pressure, 
Con f igu ra t i on  SN Temp, OF Psig 
T i me- to -  
Rupture, 
h rs  
~~ 
1 lnconel 617 I 1 1  I 1250 I 6000 I 26.9 
Channe I 
lnconel 617 
P in-F in  
10 1250 2950 19.6 




A s e r i e s  of screening t e s t s  were conducted us ing  P a l n i r o  1, P a l n i r o  7, 
P a l n i r o  RE, and N ic robraz  30 (NB 30) f i l l e r  a l l o y s  t o  eva lua te  t h e  e f f e c t s  o f  
f o i l  th ickness, b raz ing  temperature, load and t h e  p l a t i n g  t y p e  ( g o l d  o r  n i c k e l )  
i n  fo rmat ion  o f  t he  m u l t i r e g i o n a l  braze j o i n t  s t ruc tu re .  The b raz ing  t e s t  
parameters a r e  presented i n  Table 14. The braze j o i n t  p o r o s i t y  was est imated 
f r o m  a v i s u a l  examination o f  t h e  photomicrographs o f  t h e  unetched specimens and 
i s  r e l a t e d  t o  j o i n t  f i t u p .  A l l o y  c h a r a c t e r i s t i c s  a r e  presented i n  Table 15. 
Me ta l l og raph ic  examination of  t h e  specimens l i s t e d  i n  Table 14 i nd i ca ted  
t h a t  a l l  t h e  j o i n t s ,  except NE! 30, d i s p l a y  t h e  m u l t i r e g i o n a l  c h a r a c t e r i s t i c s  
f i r s t  observed i n  t h e  separated creep-rupture t e s t  specimen. 
To determine i f  these fo rmat ions  were unique w 
t i o n a l  t e s t  was run  us ing  H a s t e l l o y  X base m a t e r i a l  
c o n d i t i o n s  as l i s t e d  below: 
Braze a l l o y  Pa 
Fo i  I t h  ickness 0. 
t h  lnconel 617, an 
and i d e n t i c a l  braz 
n i r o  1 
006 in. 
add i - 
ng 
Surface t rea tment  (where used) N icke l  p lated, 50 t o  100 
m i l l i o n t h s  o f  an inch 
t h i c k  
Braz ing  load 30 p s i  
The braze j o i n t ,  as shown i n  f i g .  26, i n d i c a t e s  a m u l t i - r e g i o n  s t r u c t u r e  
s i m i l a r  t o  t h a t  observed w i t h  lnconel 617. I t  was concluded t h a t  a m u l t i -  
reg ion  braze j o i n t  i s  n o t  unique w i t h  lnconel 617 and would p robab ly  occur w i t h  
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TABLE 1 5. -BRAZE ALLOY COMPOS I T I ON 
AND USUAL BRAZ I NG TEMPERATURE 
A l l o y  Designat ion 
r 
NB 30 
P a l n i r o  1 
P a l n i r o  RE 
P a l n i r o  7 
N i o r o  
Usual Braz ing  
Composition Temperature, O F  
66Ni - 19Cr - 1Mn - l O S i  - 4Fe 2130 
50Au - 25Pd - 25Ni 2070 
55Au - 37Ni - 8Pd 2025 
70Au - 22Ni - 8Pd 1925 
82Au - 18Ni 1800 
A l t e r n a t e  braze a l l o y  f o r  lnconel  617.--Braze j o i n t  c reep- rup ture  s t r e n g t h  
w i t h  P a l n i r o  1 i s  a t h i r d  o f  pa ren t  metal s t r e n g t h  and appears adequate f o r  t h e  
intended a p p l i c a t i o n ,  no tw i ths tand ing  t h e  m u l t i - r e g i o n  braze j o i n t  s t r u c t u r e .  
The braze j o i n t  s t r u c t u r e  could,  however, degrade t h e  panel low-cycle f a t i g u e  
l i f e .  E f f o r t  was, t he re fo re ,  undertaken t o  assess t h e  r e l a t i v e  m e r i t s  of 
several  a l t e r n a t e s  t o  t h e  go ld -n icke l -pa l lad ium braze a l l o y s .  The a l l o y s  
se lec ted  f o r  e v a l u a t i o n  possessed as  many as p o s s i b l e  o f  t h e  d e s i r a b l e  a t t r i -  
butes o f  t h e  go ld -conta in ing  a l  loys, i n c l u d i n g  t h e  f o l l o w i n g :  
0 Good f l o w  and f i l l e t i n g  a c t i o n  
0 Minimum p e r n t r a t i o n  and a l l o y i n g  w i t h  p a r e n t  metal 
0 Reasonable d u c t i l i t y  ( r e s i s t a n c e  t o  low-cycle f a t i g u e )  
0 Braze temperature g r e a t e r  than 2000°F t o  p r o v i d e  f o r  s tep  b raz ing  
0 A v a i l a b l e  i n  f o i l  form ( u n i f o r m  appl ; ca t i on ,  no b inde r  contaminat ion)  
The f o l l o w i n g  a l l o y s  were se lec ted  f o r  screening: 
(a ) .  N ic robraz  30--NB 30 has shown excel  l e n t  h igh-temperature s t r e n g t h  and 
r e s i s t a n c e  t o  f a t i g u e .  Con t ro l  o f  t h e  a l l o y  a p p l i c a t i o n  i s  a poten- 
t i a l  problem; s u f f i c i e n t  powder must be used t o  min imize  v o i d s  w i th -  
o u t  p lugg ing  t h e  c o o l a n t  passages. 
i s  t h e  contaminat ing  i n f l u e n c e  o f  t h e  o r g a n i c  binder.  
I n  common w i t h  a l l  powders, t h e r e  
( b )  N icke l  Bor ide- -E lec t ro less  n i c k e l  and boron a r e  p l a t e d  on t h e  pa ren t  
metal.  The p a r t s  a r e  then j o i n e d  by a l i q u i d - a c t i v a t e d  d i f f u s i o n  
bonding c y c l e - - t y p i c a l l y  a t  2150°F f o r  2 h r s  a t  100 p s i .  
d i f f u s i o n  c y c l e  i s  used t o  d i f f u s e  t h e  boron away from t h e  j o i n t  
leav ing  a strong, d u c t i l e  j o i n t .  
A post-bond 
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Figure 26.-Hastelloy X-Palniro 1 braze joint structure 
(Ferric chloride/HCL etch). 
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( c )  Boronized Nickel-Chrome--Ducti le nickel-chrome f o i l  i s  boronized u s i n g  
a vapor d i f f u s i o n  process developed by M a t e r i a l s  Development Company. 
The o u t e r  f o i l  cover ing  i s  b r i t t l e ,  b u t t h e  d u c t i l e  c e n t r a l  c o r e  per-  
m i t s  handl ing o f  t h e  f o i l .  The a l l o y  behaves much I i k e  a convent ional  
n i c k e l  base powder a l l o y  such a s  AMs 4778. 
s ion  c y c l e ,  t h e  j o i n t  embr i t t lement  t h a t  u s u a l l y  r e s u l t s  from boron- 
c o n t a i n i n g  a l l o y s  can be e l im ina ted .  
By us ing  a post-bond d i f f u -  
Test  specimens ( I - i n .  wide s e c t i o n s  o f  PCM panels)  were f a b r i c a t e d  and 
brazed i n  accordance w i t h  parameters s p e c i f i e d  i n  Table 16. A f t e r  braz ing,  t h e  
panels were examined metal l u r g i c a l  l y  t o  determine t h e  f o l  lowing: 
J o i n t  un i form i t y  
Ex ten t  o f  d i f f u s i o n  zone 
Grain growth i n  paren t  metal 
P o r o s i t y  and j o i n t  c o n t i n u i t y  
Microhardness ( r e l a t e d  t o  d u c t i  I i t y )  
P I  ugg ing tendency 
The r e s u l t s  o f  t h e  screening t e s t s  a r e  summarized i n  t h e  f o l l o w i n g  para- 
graphs. 
Nicrobraze 30 braze a l l o y  (NB 3 0 )  evaluation.--NB 30 braze a l l o y  powder 
was a p p l i e d  t o  t h e  t e s t  p ieces a s  s p e c i f i e d  i n  Table 16. Voids a r e  present  
i n  a l l  braze j o i n t s .  A t  a 2130°F braze temperature,  t h e  a l l o y  appears lumpy, 
suggest ing t o o  low a braze temperature. A t  a 2175°F braze temperature, t h e  
a l l o y  f lowed b e t t e r  b u t  i s  s t i l l  lumpy. Increased g r a i n  g rowth  i n  lnconel 617 
a t  2175°F i s  observed w i t h  NB 30. Typ ica l  t e s t  r e s u l t s  a r e  shown i n  f i g .  27. 
Boronized n i c k e l  chrome evaluat ion.--Tests were performed us ing  0.001 
i n . - t h i c k  boronized n i c k e l  chrome f o i l  a s  t h e  f i l l e r  a l l o y .  Braz ing  para- 
meters were as s p e c i f i e d  i n  Table 16. 
The 1-hr c y c l e  t e s t  r e s u l t s  i n d i c a t e d  t h a t  t h e  base metal  ad jacent  t o  
t h e  braze was hardened t o  t h e  low HRC 30 range, apparent ly  due t o  boron. The 
base metal away from t h e  j o i n t  area was HRB 95. No excess ive g r a i n  growth i s  
observed i n  t h e  lnconel 617 base metal  and t h e r e  i s  a lmost  no e r r o s i o n  o f  t h e  
base metal by t h e  braze a l l o y .  
The longer 5-hr c y c l e  r e s u l t e d  i n  a more un i fo rm hardness and a homogeneous 
bond. 
homogenization, i s  observed.. No excess ive g r a i n  growth i n  t h e  base metal ,  
however, i s  ev ident .  
Some evidence o f  g r a i n  growth across t h e  j o i n t ,  which i s  a s tep  towards 
Resu l ts  o f  t h e  h igher  braze temperature (2250°F) and t i m e  ( 1 0  h r s )  i n d i -  
cated an accelerated r a t e  o f  boron d i f f u s i o n  and homogenization. The hardness 
measurements across t h e  j o i n t  a r e  un i fo rm and a r e  equal t o  t h e  base metal ,  
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TABLE 16.-SCREENING TESTS FOR INCONEL 617 ALTERNATE BRAZE ALLOY 
~ 
Braze 
A I  loy 
~ 
Thickness 





Time a t  Braze 
Temperature 















N i  
N i  
N i  
N i  






























1 hr  
5 h rs  
10 h rs  





Bron i zed 
N icke l  
Chrome 
(BNi C r  1 
5 h r s  





N icke l  





0.10 9/54 in. 1. App I ied  as powder, 
2. App l ied  as powder, 0.15 g/sq in. 
3. Appl ied as powder, 0.20 g/sq in. 
about HRB 94, i n d i c a t i n g  t h a t  t h e  boron has been d i f f u s e d  away. However, 
ex tens ive  g r a i n  growth i s  observed throughout  t h e  specimen which tends t o  
degrade the  base meta I p roper t ies .  
The 10-hr c y c l e  a t  2100°F r e s u l t e d  i n  a un i fo rm hardness and a homo- 
geneous bond w i thou t  excessive g r a i n  growth i n  t h e  base metal. A t y p i c a l  
photomicrograph o f  t h i s  t e s t  specimen i s  presented i n  f i g .  28. The braze 
j o i n t  appears t o  be f r e e  of  voids. 
i n d i c a t e  t h a t  t h e  braze a l l o y  was HRB 97. The base metal ad jacent  t o  t h e  
braze was HRC 24, and t h e  base metal away from t h e  j o i n t  was HRC 20. 
Hardness readings across t h e  braze j o i n t  
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F-34933 
F igu re  27.-lnconel 617 braze a l l o y  evaluat ion,  
NB 30, 0.15 g/sq in., 2175OF. 
HRC 20 





F igu re  2S.-lsothermally s o l i d i f i e d  bond, boronized N i C r  
f o i l ,  10-hr c y c l e  t ime a t  2100°F. 
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These I imi ted t e s t s  tend t o  i n d i c a t e  t h a t  r e s u l t s  s i m i l a r  t o  t h e  10-hr 
c y c l e  a t  2100°F may be p o s s i b l e  us ing a number o f  h igher braze temperature and 
sho r te r  heat t r e a t  t i m e  cond i t i ons .  For t h e  work repo r ted  here, t h e  10-hr, 
2100°F c y c l e  was selected. 
Nickel  bo r ide  p l a t i n g  evaluation.--Two samples p l a t e d  w i t h  0,001-in. 
t h i c k  n i c k e l  b o r i d e  were brazed a t  2100°F and heat t r e a t e d  f o r  5 and 10 hrs, 
respec t i ve l y .  The r e s u l t s  f o r  t h e  10-hr heat t r e a t  c y c l e  a r e  presented i n  
f i g .  29. The braze q u a l i t y  appears t o  be exce l l en t .  The hardness readings 
on t h i s  sample were HRB 97 a t  t h e  center  o f  t h e  j o i n t ,  HRC 20 i n  an area adja- 
cen t  t o  t h e  j o i n t ,  and HRB 96 a t  t h e  base metal away from t h e  j o i n t .  The 
longer heat t r e a t  c y c l e  r e s u l t s  i n  a more uni form hardness across t h e  j o i n t  
and a more homogeneous bond, as evidenced by t h e  reduced d e f i n i t i o n  o f  t h e  





Figure 29.- lsothermally s o l i d i f i e d  bond, N i B  p l a t e d  sample, 
10-hr c y c l e  t i m e  a t  2100°F. 
Discussion and recommendations.--The creep-rupture s t r e n g t h  o f  t h e  lnconel 
617 panel brazed w i t h  P a l n i r o  1 f i l l e r  a l l o y  i s  adequate f o r  t h e  intended a p p l i -  
c a t i o n  notwi thstanding t h e  m u l t i - r e g i o n  braze j o i n t  s t ruc tu re .  
Resu l t s  o f  screening t e s t s  w i t h  Nicrobraz 30 suggest t h a t  t h e  a l l o y  c o n t r i -  
i bu tes  t o  increased g r a i n  growth i n  lnconel 617 a t  2175°F. Futhermore, t h e  
a l l o y  f l ow  on lnconel 617 i s  s lugg ish  and t h e  j o i n t s  appear t o  be lumpy w i t h  
vo ids  present.  
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The boronized n i c k e l  chrome (BNiCr l  braze t e s t  specimen brazed a t  2100°F 
and heat t r e a t e d  f o r  10 h r s  has t h e  most un i fo rm hardness measurements o f  a l l  
t h e  BNiCr brazed specimens. The 10-hr sample a l s o  demonstrates a more homo- 
geneous bond when compared t o  t h e  o the r  B N i C r  specimens, and t h e  j o i n t  should 
p rov ide  e x c e l l e n t  f a t i g u e  p r o p e r t i e s  and a r u p t u r e  s t reng th  approaching t h a t  o f  
t h e  base metal . 
O f  t h e  n i c k e l  bor ide  p la ted  specimens tes ted ,  t h e  sample brazed and heat  
t r e a t e d  f o r  10 h r s  a t  2100°F i s  t h e  more pre ferab le .  The r e s u l t i n g  braze i s  
exce l l en t ;  t h e  hardness readings a r e  un i fo rm and t h e  bond i s  homogeneous. 
E i t h e r  t h e  boronized n i c k e l  chrome o r  t h e  n i c k e l  bo r ide  braze a l l oys ,  
brazed and heat  t r e a t e d  a t  2100°F f o r  10 hrs, seem t o  be very promis ing f o r  
braz ing o f  Inconel  617. For t h e  c u r r e n t  a p p l i c a t i o n ,  t h e  boronized n i c k e l  
chrome i s  b e t t e r  su i ted  because t h e  f o i l  i s  r e a d i l y  a v a i l a b l e  and la rge  areas 
can be a l l oyed  w i t h  r e l a t i v e  ease. The n i c k e l  bo r ide  braze a l l o y  must be 
p la ted  on to  t h e  des i red  surfaces. P l a t i n g  o f  l a r y e r  p ieces would r e q u i r e  a 
s i g n i f i c a n t  amount o f  development t o  ensure un i fo rm i t y .  Therefore, B N i C r  f o i l  
was se lec ted  f o r  a l l  subsequent b raz ing  e f f o r t s  w i t h  lnconel  617. 
Braze j o i n t  t e n s i  l e  tests.--To determine t h e  t e s t  temperature f o r  conduct- 
i ng  t h e  lnconel  617 panel creep r u p t u r e  tes ts ,  t e n s i l e  data on t h e  s t reng th  o f  
t h e  BNiCr braze j o i n t  a t  e levated temperature was requi red.  
ope ra t i ng  a t  1200°F cou ld  be more c r i t i c a l  than t h e  face  shev a t  ou te r  f i b e r  
which operates a t  1600°F. 
The braze j o i n t  
The lnconel  617 brazed t e n s i l e  bar specimen i s  shown i n  f i g .  30. A f t e r  
two c y l i n d r i c a l  d e t a i l  p a r t s  were brazed, a f i n i s h i n g  opera t i on  was conducted 
t o  o b t a i n  t h e  gage sec t i on  dimensions, and t h e  p a r t s  su r face  f i n i shed .  
S i x  specimens were brazed and heat - t rea ted  a t  2100°F f o r  10 hrs. 
inspec t ion  o f  'the bars i nd i ca ted  a sound braze w i t h  no vo id ing .  The specimens 
were then machined t o  f i n i s h .  Three specimens were tes ted  a t  1250°F and t h r e e  
a t  1600°F. The t e s t  r e s u l t s  presented i n  Table 17, compare very  w e l l  w i t h  pub- 
l i shed  values f o r  t y p i c a l  unbrazed lnconel  617 m a t e r i a l  (Reference: Hunt ington 
a l  loys lnconel  617 Brochure; 1972). 
V isual  
The samples t e s t e d  a t  1250°F a l l  broke through t h e  bo r ide  p r e c i p i t a t e s  
i n  t h e  y r a i n  boundaries ad jacent  t o  t h e  braze. The reduc t i on  i n  area obta ined 
from t h i s  t e s t  s e r i e s  i s  t h a t  of t h e  braze j o i n t .  
The ssnples tes ted  a t  1600°F a l l  broke i n  t h e  parent  metal  about h a l f -  
way between. t h e  braze j o i n t  and t h e  end o f  t h e  reduced sect ion.  
i n  area r e s u l t s  obta ined i n d i c a t e  less  d u c t i l i t y  i n  t h e  parent  metal than g i ven  
i n  t h e  manufacturers data. T h i s  i s  probably  caused by t h e  thermal t rea tment  o f  
t h e  bar r a t h e r  than d i f f u s i o n  o f  boron. 
The reduc t i on  
T e n s i l e  t e s t s  a t  both temperatures produced un i fo rm e longa t ion  w i t h  no 
abrupt  changes a t  t h e  braze j o i n t ,  f i g  31. 
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V I  EW A-A 
SCALE 4/1 
F igu re  30.-lnconel 617 butt-brazed t e n s i  l e  bar. 
t 
A-18682 I 
Resu l t s  o f  braze j o i n t  t e n s i l e  t e s t s  i n d i c a t e  t h a t  t h e  braze j o i n t  i s  
weaker than the  base metal a t  1250°F and room temperature. A t  1600"F, however, 
t h e  parent  metal s t reng th  drops o f f  r a p i d l y  and i s  less than t h e  braze j o i n t .  
F rac tu re  occurs away from t h e  j o i n t  probably  because t h e  base metal i s  l o c a l l y  
hardened due t o  boron penetrat ion.  A t  1250°F t h e  u l t i m a t e  s t reng th  o f  t he  
braze i s  probably  very c lose  t o  t h e  base metal s t reng th  as i nd i ca ted  by t h e  
l i t e r a t u r e  data. The reason f o r  c o n s i s t e n t  r u p t u r e  i n  t h e  braze i s  l i k e l y  due 
t o  a s t r e s s  concent ra t ion  e f f e c t  from t h e  l a rge  bo r ide  p a r t i c l e s .  
Resu l t s  obta ined from these t e s t s  should be a p p l i c a b l e  t o  t h e  channel 
specimens. The s t reng th  a t  t he  l o c a t i o n  o f  t h e  braze f i l l e r  metal should be 
the  same f o r  both sample con f igu ra t i ons .  The d i f f e r e n c e s  t h a t  occur a r e  due 
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F-34944 
F igu re  31.-lnconel 617 braze t e n s i l e  t e s t  a t  1600°F 
(arrow p o i n t s  a t  braze j o i n t ) .  
PANEL CREEP-RUPTURE TESTING 
Performance P r e d i c t i o n s  
Pub1 ished data on the  creep s t rengths  o f  N icke l  201 and lnconel  617 
m a t e r i a l s  were used t o  p r e d i c t  t h e  a l lowab le  pressure s t resses  i n  t h e  channel 
and p i n - f i n  heat exchanger c o n f i g u r a t i o n s  f o r  t h e  1000-hr design l i f e .  The 
r e s u l t s  o f  t h i s  eva lua t i on  i nd i ca ted  t h a t  lnconel  617 would have adequate creep 
l i f e  b u t  N icke l  201 could be marginal  under t h e  opera t i ng  c o n d i t i o n s  encountered 
i n  the  panel. Consequently, a s e r i e s  o f  creep r u p t u r e  t e s t s  were 
Nickel  201 and lnconel 617 m a t e r i a l s  us ing i n t e r n a l l y  pressur ized 
brazed panels. The design layouts  o f  t h e  creep-rupture t e s t  spec 
presented p r e v i o u s l y  i n  f i g s .  13 through 16. I n i t i a l l y ,  P a l n i r o  
was se lec ted  f o r  both N icke l  201 and lnconel 617 panel assemblies 
t e s t s  were planned f o r  lnconel 617 ma te r ia l  t o  v e r i f y  t h e  i n i t i a l  
and t h e  s t reng th  o f  t he  braze j o i n t .  
A comparison o f  t he  pressures t h a t  were p red ic ted  t o  cause r 
planned f o r  
2 in. by 3 in. 
mens were 
braze a l l o y  
L imi ted  
eva lua t i on  
, 
p t u r e  i n  
1000 h r s  i n  t h e  c r i t i c a l  areas o f  t h e  panel t e s t  specimens i s  summarized i n  
Table 18. 
A t  ope ra t i ng  cond i t i ons  the  most c r i t i c a l  areas f o r  t h e  channel con f igu ra -  
t i o n  i s  p red ic ted  t o  be t h e  ou te r  f i b e r .  However, d u r i n g  t h e  creep-rupture 
t e s t s  t h e  specimens are  i n  an isothermal environment and i f  t h e  t e s t  temperature 
i s  s e t  equal t o  the  ou te r  f i b e r  temperature, then t h e  braze j o i n t  becomes c r i t i -  
ca l .  To examine both c r i t i c a l  areas and t o  v e r i f y  t h e  assumptions used i n  t h e  
analys is ,  two channel c o n f i g u r a t i o n s  were s p e c i f i e d  f o r  t h e  creep r u p t u r e  t e s t s :  
(a )  A channel specimen t o  be tes ted  a t  t he  maximum opera t i ng  temperature. 
The braze j o i n t  was p red ic ted  as t h e  r u p t u r e  p o i n t .  I 
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TABLE 18.-CRITICAL AREA COMPARISON FOR CHANrdEL AND P I N - F I N  SPECIMENS 
( 100-HR STRESS RUPTURE) 
Mater i a I 
N icke l  201 
lnconel  617 
C o n f i g u r a t i o n  
Channe I 
Spaced channe I 
P in-F in 
Channe I 
Spaced channe I 
P in-F in 
Locat  ion 
Braze j o i n t  
Outer f i b e r  
Braze j o i n t  
Outer f i b e r  
Braze j o i n t  
Braze j o i n t  
Outer f i b e r  
Outer f i b e r  
Braze j o  i n t 
Outer f i b e r  
Braze j o i n t  
Outer f i b e r  
Braze j o i n t  
Outer f i b e r  
Outer f i ber 
Braze j o i n t  
Braze j o i n t  
Braze j o  i n t  
Outer f i b e r  
Outer f i b e r  
Braze j o i n t  
Outer f i b e r  
Braze j o i n t  
Outer f i b e r  
Test  
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(b )  A spaced channel specimen t o  be t e s t e d  a t  t h e  maximum opera t i ng  
temperature. The braze j o i n t  area i n  t h i s  design ( f i g .  15) was 
increased t o  s h i f t  t h e  c r i t i c a l  area t o  t h e  o u t e r  f i b e r s .  
was p r e d i c t e d  as t h e  r u p t u r e  po in t .  
The arch 
The p r e d i c t e d  behavior  o f  t h e  p i n - f i n  specimens i s  a l s o  summarized i n  
I n  t h e  case o f  t h e  p i n - f i n  specimen, t h e  braze j o i n t  i s  t h e  most Table 18. 
c r i t i c a l  area due i n  p a r t  t o  t h e  improved heat  t r a n s f e r  across t h e  s t r u c t u r e  
( lower  o u t e r  f i b e r  ope ra t i ng  temperature).  The plan, t he re fo re ,  was t o  t e s t  
t h e  p i n - f i n  specimens a t  t h e  same temperature l eve l  as t h e  channel specimens 
us ing  t h e  r e s u l t s  o f  t h e  spaced channel t e s t s  as a gu ide  t o  v e r i f y  t h a t  t h e  
p i n - f i n  braze j o i n t  i s  more c r i t i c a l  than t h e  arch between pins.  
Resu l t s  o f  t h e  i n i t i a l  t e s t s  a t  1450°F on N icke l  201 channel and p i n - f i n  
panels  i nd i ca ted  t h a t  t h e  braze j o i n t  was excess ive ly  stressed. The t e s t  
temperature was reduced t o  1250°F t o  p revent  over load ing  t h e  braze j o i n t .  
rev i sed  t e s t  c o n d i t i o n s  a r e  shown i n  Table 19. F o r  t h e  channel and p i n - f i n  
specimens f o r  bo th  N icke l  201 and lnconel  617 m a t e r i a l s  t h e  t e s t  temperature 
was s e t  a t  1250"F, which i s  t h e  maximum opera t i ng  braze j o i n t  temperature o f  
any con f igu ra t i on /ma te r ia l  combination. 
The 
P i n - f i n ,  channel, and spaced-channel specimens were fabr ica ted .  Fig.  32 
shows t h e  t h r e e  face  sheet  designs used i n  t h e  c reep- rup ture  t e s t  specimen 
assemblies. P r i o r  t o  t h e  creep-rupture t e s t ,  each panel was inspected as 
fo l  lows: 
( a )  X-ray examinat ion t o  check f o r  p lugg ing  and braze a l l o y  coverage. 
( b )  P roo f  pressure t e s t  t o  v e r i f y  bas ic  s t r u c t u r e  i n t e g r i t y  and no 
v i s i b l e  leakage. 
( c )  Holographic  i nspec t i on  t o  check f o r  any smal l  imper fec t ions  n o t  
detected by t h e  p roo f  pressure t e s t .  
Pro0 
2000 
t o  I 
cen t  
f i g .  
pressure l e v e l s  a r e  noted i n  Table 19. The s p e c i f i e d  va lue  i s  a t  l e a s t  
p s i g  except  for  t h e  n i c k e l  p i n - f i n  con f igu ra t i on ,  where it was necessary 
m i t  t h e  p roo f  pressure t o  800 psig,  based on assumed p r o p e r t i e s  a t  80 per-  
o f  nominal and braze j o i n t  s t reng th  a t  50 percent  o f  pa ren t  metal. 
Tes t  Setup 
A schematic o f  t h e  creep-rupture t e s t  f a c i l i t y  equipment setup i s  shown i n  
33. Equipment i n s t a l l e d  i n  t h e  f a c i l i t y  i s  shown i n  f i g .  34. The c o n t r o l  
panel i s  on t h e  r i g h t ,  t h e  furnace i s  i n  t h e  center ,  and t h e  temperature i n d i -  
c a t o r  i s  on t h e  l e f t .  
The t e s t  setup permi ts  t e s t i n g  o f  one t o  n i n e  panel assemblies a t  tempera- 
t u r e s  t o  1600°F and pressures t o  6000 psig. C i r c u i t  i s o l a t i o n  a l l ows  t e s t s  a t  
t h e  same temperatures t o  be conducted s imul taneously  a t  t h r e e  pressure leve ls .  
Upon f a i l u r e  o f  an i n d i v i d u a l  panel, v a l v i n g  w i l l  pe rm i t  i d e n t i f i c a t i o n  and 
i s o l a t i o n ,  w i t h  t e s t  i n t e r r u p t i o n  o f  t h a t  c i r c u i t  on ly .  
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Figure 32.-Photochemical machined p la tes .  
Nickel  201 Panel Tes t  Resu l ts  
The Nickel  201 creep-rupture t e s t  r e s u l t s  a re  summarized i n  Table 20. The 
f i r s t  p i n - f i n  and channel specimens were tes ted  a t  1450°F and a pressure leve l  
ca l cu la ted  t o  produce rup tu re  i n  20 hrs. The t e s t  resu l t s ,  however, i nd i ca ted  
t h a t  t h e  panels were s t ronger  than predicted. The j o i n t  e f f i c i e n c y  f a c t o r  i n  
creep i s  apparent ly  approaching 1.0 compared t o  an assumed f a c t o r  o f  0.50. The 
p red ic ted  creep-rupture l i f e  f o r  t he  remaining panels was rev i sed  and i s  shown 
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Figure  34.-Creep-rupture t e s t  f a c i l i t y  equipment. 
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TABLE ZO.-NICKEL 201 PANEL CREEP-RUPTURE TEST DATA 
C o n f i g u r a t i o n  
N icke l  201 
Channe I 
N icke l  201 
P i n  F i n  











































App I i ed  
Pressure, 

















Time t o  Rupture, 
Hrs  



















































Locat  i on  
Braze j o i n t  
Parent  metal 
P a r e n t  meta I 
Parent  meta I 
Braze j o i n t  
Braze j o i n t  
Parent  meta I 
Braze j o i n t  
- 
Parent  meta I 
- 
Parent  meta I 
- 
Braze j o i n t  
Braze j o i n t  
Braze j o i n t  
"Larson-Mi l le r  parameter 
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The t e s t  data f o r  t h e  channel, p i n - f i n ,  and spaced-channel specimens were 
ca l cu la ted  us ing t h e  Larson-Mi l le r  Parameter (LMP) and t h e  r e s u l t s  a r e  shown i n  
f i g s .  35 and 36, respec t i ve l y .  The t e s t  p o i n t s  a re  p l o t t e d  on t h e  curves 
toge the r  w i t h  t he  p o i n t s  corresponding t o  t h e  design braze j o i n t  c o n d i t i o n s  o f  
1250°F f o r  1000-hrs a t  750 p s i g  f o r  t h e  channel design, 1200°F f o r  1000 h r s  a t  
750 ps ig  f o r  t h e  p i n - f i n  design, and 1400°F f o r  1000 h rs  a t  750 p s i g  f o r  t h e  
spaced-channel design. 
The data po in ts ,  i nc lud ing  those obta ined a t  1400 t o  1450°F f o r  channel 
and p i n - f i n  specimens, a l l  f a l l  c l ose  t o  t h e  p red ic ted  performance which i s  
based on t h e  creep-rupture s t reng th  o f  N icke l  201. Th is  tends t o  s u b s t a n t i a t e  
t h a t  t h e  braze p o i n t  e f f i c i e n c y  f a c t o r  i s  approaching 1.0 f o r  N icke l  201 panels. 
Two 14ickeI 201 t e s t  panels be fore  t e s t i n g  a re  shown on f i g .  37; one i s  
t h e  SN 1 p i n - f i n  specimen and t h e  o the r  i s  t h e  SN 1 channel specimen. The back 
p l a t e s  were Has te l toy  X. These panels were tes ted  a t  1450OF. Panel appearance 
a f t e r  t e s t i n g  i s  shown i n  f i g .  38. 
A t y p i c a l  c ross  sec t i on  o f  t h e  channel panel taken f o r  me ta l l og raph ic  exam- 
i n a t i o n  i s  shown i n  f i g .  39. 
The contour o f  t he  f low passages i s  acceptable a l though t h e  f l ow  area i s  
smal le r  than spec i f i ed .  The land th ickness  i s  w i t h i n  t h e  s p e c i f i e d  to le rance.  
The land th ickness  i s  most c r i t i c a l  i n  t h i s  panel design because t h i s  dimension 
c o n t r o l s  t h e  braze j o i n t  area, which i s  p red ic ted  t o  be c r i t i c a l .  For t h i s  
t e s t ,  t he  face p l a t e  th ickness  was l e f t  g rea ter  than spec i f i ed .  Subsequent 
panel specimens used the  design face p l a t e  th ickness.  
Panel b raz ing  appears e x c e l l e n t  w i t h  on l y  small vo ids  i n  t h e  ou te r  frame 
area. There appear t o  be some g r a i n  boundary separat ions,  which s t a r t  a t  
severa l  l oca t i ons  around t h e  channel contours.  
A c ross  sec t i on  taken through t h e  bulged area i s  shown on f i g .  40. The 
separat ion occurred through the  n i cke l - to -Has te l l oy  braze j o i n t .  The damage 
appears t o  have been caused when t h e  panel bulge developed. The deformat ion 
shows d u c t i l e  behavior. Separat ion probably i n i t i a t e d  a t  t h e  s t a r t  o f  t h e  
channel land area where a s t r e s s  concent ra t ion  e x i s t s .  
Sec t ions  from t h e  SN 1 p i n - f i n  panel t es ted  a t  1450°F a r e  shown on f i g .  41. 
The f l ow  passage contour i s  smooth, and t h e  f low area i s  as spec i f i ed .  The face 
p l a t e  th ickness  was again l e f t  g rea te r  than s p e c i f i e d  f o r  t h i s  t e s t .  The face 
p l a t e  damage i n  t h e  corner areas where it was s t i l l  j o i n e d  t o  t h e  Has te l l oy  X 
suppor t  p l a t e  i s  be l ieved t o  have occurred when t h e  face p l a t e  suddenly sepa- 
ra ted.  
Two types o f  separat ion are observed i n  f i g .  41: i n  t h e  braze j o i n t  and 
i n  t h e  Nickel  201 parent  metal. The necked-down appearance o f  t h e  p i n  i n d i -  
cates t h a t  the  parent  metal separat ion was d u c t i l e .  
and pene t ra t i on  i n t o  t h e  base metal  i s  noted. The o x i d a t i o n  v i s i b l e  on t h e  
N icke l  201 p i n  sur face  i s  bel ieved t o  have occurred between t h e  t i m e  t h e  panel 
ruptured,  a t  104.4 hrs, and when it was removed from t h e  furnace, a t  152.8 
h rs  (channel specimen r u p t u r e  t ime) .  
Only a minimum o f  a l l o y i n g  
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F i g u r e  37.-SN 1 p i n - f i n  and SN 1 channel 
panels before creep-rupture t e s t i n g .  
*=, 
CHANNEL 
" e a  
% PIN F I N  
F i g u r e  38.-SN 1 p i n - f i n  and SN 1 channel 
panels a f t e r  creep-rupture t e s t i n g .  
2.6 , i 
F-48 1 43 
68 
Micro 8521 2 5 X  
F igu re  39.-Typical channel cross sec t i on  (SN 1 ) .  






BACK PLATE i 
F-34937 
F igu re  40.-Braze j o i n t  separat ion (SN 1 ) .  
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M I C R O  8522 
M I C R O  8523 5x 
F-37234 
F igu re  41 .-Sections taken from p i n - f  i n  specimen (SN 1 ) .  
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Examination of t h e  i n s i d e  sur face o f  t h e  p i n - f i n  face p l a t e  i nd i ca ted  t h a t  
about one-hal f  o f  t h e  separat ions occurred through t h e  parent  metal and t h e  
o the r  h a l f  through t h e  p i n  braze j o i n t .  
Two o f  t h e  channel specimens, SN 29 and SN 33, which were t e s t e d  a t  1250°F, 
ruptured prematurely. 
shown i n  f i g .  42. The separat ion occurred through t h e  parent meta I and appeared 
t o  be d u c t i l e .  The panel was wel l  brazed and t h e  passage geometry was c l o s e  t o  
nominal. The ex ten t  o f  m a t r i x  separat ion on t h e  SN 33 panel was small; there- 
fore, t h e  panel was repa i red  and t e s t i n g  continued. The SN 33 panel again 
f a  i I ed premature I y. 
A metal lographic  sec t i on  through t h e  SN 29 panel i s  
Mo un t 1 0 70 7 22x 
F-34957 
F igu re  42.-Section through separated panel (SN 2 9 ) .  
SN 28 and SN 34 channel specimens a lso  demonstrated a t i m e t c - r u p t u r e  
s h o r t  of t h a t  predic ted.  However, t h e  ac tua l  t ime- to- rupture i s  w i t h i n  t h e  
range of s c a t t e r  for t h i s  t y p e  of t e s t .  
t inued.  The second f a i l u r e  o f  SN 28 was w i t h i n  t h e  t i m e  range o f  s c a t t e r  f o r  
t h i s  t ype  o f  t e s t .  
SN 28 was repa i red  and t e s t i n g  was con- 
Sect ions taken through t h e  separated areas of  SN 20 and SN 21 p i n - f i n  
panels f o l l o w i n g  r u p t u r e  i nd i ca ted  t h a t  on SN 20, which was r u n  a t  1250°F, t h e  
separat ion occurred through t h e  parent  metal; whereas SN 21, which was run  a t  
1400°F, separated across t h e  braze j o i n t .  Both specimens appeared t o  be wel l  
brazed . 
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Behavior o f  t h e  p i n - f i n  specimens i s  s i m i l a r  t o  t h a t  o f  t h e  channel spec i -  
mens. The m e t a l l u r g i c a l  eva lua t i on  o f  t h e  channel and p i n - f i n  N icke l  201 creep- 
r u p t u r e  t e s t  panels tend t o  con f i rm  t h a t  a t  1400°F t h e  panel braze j o i n t  i s  t h e  
weak l i nk .  When t h e  panels were t e s t e d  a t  1250°F, however, which i s  c l o s e  t o  
t h e  ac tua l  j o i n t  ope ra t i ng  temperature, t h e  separa t ion  occurs w i t h i n  t h e  pa ren t  
meta I. 
The spaced channel specimens, SN 16 and SN 18, rup tu red  a t  t h e  feeder chan- 
ne l  a f t e r  15 t o  30 sec a t  pressure and temperature. 
repa i red  (added doubler  over  feeder channel )  and re tes ted .  I n  t h e  second t e s t  
ser ies ,  both panels  leaked i n  less  than 4 hrs, s h o r t  o f  t h e  100-hr p r e d i c t e d  l i f e .  
The panels  were subsequent ly 
The bulged area on t h e  SN 18 panel was removed by e lec t ro -d ischarge machin- 
i ng  and t h e  panel was repai red.  
g raph ic  inspec t ion  and t h e  r e s u l t s  a r e  presented i n  f i g .  43. The separa t ion  
occurred a long t h e  braze j o i n t  through a s e r i e s  o f  vo ids The r u p t u r e  i n  t h e  
channel i s  be l ieved t o  be a secondary rup ture .  
The removed segment was subjected t o  metal lo -  
The land area i n  these specimens was i n t e n t i o n a l l y  ncreased t o  f o r c e  t h e  
c r i t i c a l  area from t h e  braze j o i n t .  Th i s  was t o  pe rm i t  e s t i n g  a t  t h e  1400°F 
opera t i ng  c o n d i t i o n  t h a t  p r e v a i l s  i n  t h e  arch  w i t h o u t  exceeding a c r i t i c a l  
creep-rupture s t r e s s  i n  t h e  braze j o i n t  a t  1400°F. The t e s t  r e s u l t s ,  however, 
show t h a t  t h e  separa t ion  s t i l l  occurred i n  t h e  braze j o i n t  a f t e r  o n l y  a s h o r t  
pe r iod  o f  t ime. 
V i s i b l e  deformat ion was observed i n  t h e  spaced channel specimens a f t e r  
less  than 1/2 h r  exposure t o  3960 p s i g  a t  1400°F. A t  these cond i t ions ,  r u p t u r e  
was p red ic ted  t o  occur i n  t h e  channel arch a f t e r  100 h r s  o f  exposure. The 
f i n i t e  element model used i n  data a n a l y s i s  o f  t h e  arch  c o n s t r u c t i o n  i s  shown 
i n  f i g .  44. The d i s t o r t e d  geometry a f t e r  a p p l i c a t i o n  o f  a 2000-psig u n i t  load 
i s  shown i n  f i g u r e  45. 
For N icke l  201, t h e  s t r e s s  t o  cause 10 percent  creep ( r e a d i l y  v i s i b l e )  
i n  1/2 h r  a t  1400°F i s  approx imate ly  5500 ps i .  As i nd i ca ted  i n  f i g .  44, t h e  
combined s t r e s s  (Von Mises)  i n  t h e  a rch  a t  3960 p s i g  i n t e r n a l  pressure w i l l  be 
a t  t h i s  l eve l  and some creep d i s t o r t i o n  would be ev iden t  a t  t imes as s h o r t  as 
1/2 hr.  
As t h e  arch creeps it tends t o  form a c y l i n d r i c a l  shape and t h e  s t resses  
re lax .  For a heavy c y l i n d e r  t h e  f o l l o w i n g  formula a r e  v a l i d :  
Ginner f i b e r  = *667p 
uou te r  f i b e r  = 0*667p 
uavg = 1.167P 
where: inner  f i b e r  rad ius  = 0.020 in. 
ou te r  f i b e r  r a d i u s  = 0.040 in. 
P = i n t e r n a l  pressure 
72 
1 4 X  
Micro 10900 50 X 
F-34939 
Figure 43.-Section taken through separated area 
on SN 18 spaced-channel specimen. 
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SPRCED CHRNNEL T€ST SPECIMEN HYDGOGEN CO3LED PRNELS NICKEL 201 GEOUETRY RNSYS 
A.18683 
Figure  44.-Spaced-channel f i n i t e  element model. 
0.00001 
SPRCED CHRNNEL T E S T  SPECIMEN HYDGOGEN COOLED PRNELS N I C K E L  201  DISPLACEMENTS RNSYS 
A-18684 
F i g u r e  45.-Displacements i n  spaced-chennel f i n i t e  
element model (2000-psig u n i t  load.) 
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Using t h e  r e l a t i o n s h i p  f o r  average f i b e r  s t r e s s  and t h e  FJickel 201 creep pro- 
p e r t i e s  the  f o l l o w i n g  rev i sed  r u p t u r e  l i v e s  a r e  predic ted.  
P, p s i s  Time t o  Rupture, h r s  
3000 1 00 
2228 40 0 
1757 1000 
The pressure t o  cause r u p t u r e  i s  about 20 percent  less than p red ic ted  by l i n e a r  
ana lys is .  
S t ress  d i s t r i b u t i o n  i n  t h e  Y d i r e c t i o n  i s  shown i n  f i g .  46. A h i g h  s t r e s s  
w i l l  develop a t  t h e  corner  and a c t  as a t e a r i n g  load on t h e  braze j o i n t .  
i n t e r n a l  pressure o f  3690 psig, t h e  peak corner  s t r e s s  i s  9570 ps i  ( s t r e s s  con- 
c e n t r a t i o n  fac to r ,  SCF = 1.01, which i s  about t w i c e  as h igh  as p red ic ted  us ing  
a l i n e a r  ana lys is .  
For an 
SPRCEO CHRNNEL T E S T  SPEClr lEN HYDGOGEN COOLED PRNELS NICKEL 201 Y STRESS ANSYS 
F igu re  46.-Stresses i n  Y d i r e c t i o n  (2000 ps ig  i n t e r n a l  pressure) .  
The model was re run  w i t h  on l y  every o the r  node f i x e d  i n  t h e  braze region. 
Th is  s imu la tes  t h e  c o n d i t i o n  o f  approx imate ly  50 percent  braze voids.  I n  t h i s  
case t h e  peak corner s t r e s s  increases t o  14,980 ps i ,  w i t h  t h e  SCF = 1.0, and 
29,940 ps i  w i t h  t h e  SCF = 2.0. Thus, i t  i s  poss ib le  t o  exceed t h e  j o i n t  s h o r t  
term u l t i m a t e  t e n s i l e  s t reng th  i f  t h e  braze coverage i s  poor. I n  t h i s  case t h e  
panel would separate a long t h e  braze j o i n t  r a t h e r  than i n  t h e  channel arch. 
Even w i t h  complete b raz ing  however, t h e  corner  area w i t h i n  t h e  channel i s  more 
h i g h l y  s t ressed than t h e  arch. The most c r i t i c a l  area w i t h i n  t h e  channel speci-  
men i s  t h e  1250°F braze j o i n t  r a t h e r  than a t  t he  140OOF arch. 
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lnconel  617 Panel Tes t  Resu l t s  
Three lnconel  617 p i n - f i n  creep-rupture t e s t  panels were f a b r i c a t e d  us ing  
boronized n i c k e l  chrome braze a l l o y .  Creep-rupture t e s t s  were conducted i n  
accordance w i t h  t h e  t e s t  m a t r i x  presented below. A face p l a t e  th i ckness  o f  
0.004 in. was used f o r  t h e  es t ima te  o f  SN 40 specimen l i f e .  
App I ied 
Face P l a t e  Pressure, - SN Con f igu ra t i on  p s i q  
40 P i n - f  i n 2890 
41  P i n - f  i n  2890 
42 Pin - f  i n  3500 
Test  Pred i c ted  
Temperature, Creep-Ru p t  u r e  
"F L i f e ,  Hrs  
1250 8 5  
1250 1175 
1250 1 1 1  
For t h i s  s e r i e s  o f  t e s t s ,  t h e  r a t i o  o f  j o i n t  s t r e n g t h  t o  parent  metal  
s t reng th  was assumed t o  be 50 percent  as compared t o  35 percent  ob ta ined from 
p r i o r  t e s t i n g .  
The t e s t  c o n d i t i o n s  were mainta ined f o r  1707 h r s  f o r  t h e  SN 41 panel and 
f o r  1375 h r s  f o r  t h e  SN 40 and SN 42 specimens w i t h  no evidence o f  imminent 
rup ture .  The t e s t  pressure was r a i s e d  s e q u e n t i a l l y  t o  5500 p s i g  as fo l l ows :  
3500 p s i g  f o r  one hour, 4000 p s i g  f o r  one hour, 4500 p s i g  f o r  one hour, 5000 
p s i g  f o r  one hour, and f i n a l l y  5500 psig.  
The est imated l i f e  a t  t h e  5500 p s i g  pressure and 1250°F t e s t  temperature, 
us ing  parent  metal  p r o p e r t i e s  i s  1 1 1 ,  1539 and 524 h r s  f o r  specimens SN 40, SN 
41, and SN 42. respec t i ve l y ,  assuming no damage from prev ious  t e s t i n g  a t  lower 
pressures. Wi th  675 add i 
was no evidence o f  impend 
n i c k e l  chrome braze j o i n t  
617 base m a t e r i a l  a t  t h e  
t h a t  t h e  th ickness  o f  t h e  
est imated va lue  o f  0.004 
i ona l  h r s  accumulated a t  t h e  new cond i t ions ,  t h e r e  
ng rup ture .  I t  was concluded t h a t  t h e  boronized 
i s  equal i n  creep-rupture s t r e n g t h  t o  t h e  lnconel  
250°F t e s t  temperature. Furthermore, it was surmised 
face sheet  on SN 40 panel must be g rea te r  than t h e  
n. 
The SN 40 specimen was sub jec ted  t o  a b u r s t  pressure t e s t  a t  room tempera- 
ture.  
increased) f a i l u r e  occurred by f r a c t u r i n g  one pin.  The sudden re lease  o f  sup- 
p o r t  caused t h e  p i n  t o  t e a r  a round h o l e  i n  t h e  su r face  o f  t h e  panel as shown 
i n  f i g .  47. 'The panel was sect ioned f o r  m e t a l l u r g i c a l  examination. Resu l t s  
a r e  presented i n  f i g s .  48 and 49. Separat ion has occured i n  t h e  pa ren t  metal. 
sheet. The face sheet th ickness  was measured and found t o  be 0.0065 t o  0.008 
inch. The diamond shaped marks on f i g .  50 were made d u r i n g  a hardness t raverse.  
The Rockwell C read ings  obta ined from t h i s  t r a v e r s e  a r e  shown on t h e  f i g u r e  and 
a r e  summarized i n  Table 21. Resu l t s  i n d i c a t e  t h a t  t h e  lnconel  617 base m a t e r i a l  
i s  hardened. 
bor ides  when boronized nickel-chrome f i l l e r  a l l o y  i s  used. 
A t  approx imate ly  20,000 p s i g  ( r u p t u r e  occurred as pressure was be ing  
I F ig.  50 presents  a sec t i on  taken through a round p i n  and shows t h e  t h i n  face 
Some hardening o f  t h e  base metal  i s  expected due t o  fo rmat ion  o f  
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Figure  47.-Pin f r a c t u r e  ho le i n  SN 40 p i n - f i n  panel 
f o l l o w i n g  b u r s t  pressure tes t .  
-_i 
F-34920 
Figure  48.-Section taken through p i n  f r a c t u r e  area of  SN 40 
p i n - f i n  panel (low magn i f i ca t i on ) .  
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Figure  49.-Section taken through p i n  f r a c t u r e  area of  
SN 40 p i n - f i n  panel (h igh  magn i f i ca t i on ) .  
F-34924 
Figure  50.-Section taken through un f rac tured  p i n  
of  SN 40 p i n - f i n  panel. 
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Comparison w i t h  t he  hardness read ings  obta ined f o r  t h e  braz ing  development t e s t  
specimen (see f i g .  281, however, i n d i c a t e s  t h a t  t h e  ex ten t  o f  hardening for t h e  
SN 40 t e s t  panel i s  s u b s t a n t i a l l y  g rea ter .  
Based on these hardness readings, t h e  corresponding approximate u l t i m a t e  
s t reng ths  were est imated us ing  data f o r  s t e e l s  ( r e f .  14) and a r e  a l s o  presented 
i n  Table 21. Supp l ie r  data f o r  lnconel  617 ( r e f e r  t o  Table 7 )  l i s t s  a t y p i c a l  
room temperature u l t i m a t e  s t reng th  o f  106,600 ps i  f o r  h o t  r o l l e d  rod  and 
110,000 ps i  f o r  co ld - ro t  led sheet. On the  SN 40 t e s t  panel, t h e  est imated 
average room temperature u l t i m a t e  s t r e n g t h  o f  t h e  SN 40 t e s t  panel o f  lnconel  
617 m a t e r i a l  around t h e  f r a c t u r e  reg ion  i s  i n  excess of these values. 
TABLE 21.-ULTIMATE STRENGTH ESTIMATES 
Locat ion*  
Hardness 











U I t imate 









* S t a r t i n g  w i t h  t h e  l o c a t i o n  c l o s e s t  t o  t h e  t o p  o f  t h e  face sheet. 
Publ ished data ( r e f .  151, s u p p l i e r  data, and t e n s i l e  t e s t s  conducted on 
lnconel  617 i n  t h i s  program (Table 7 )  i n d i c a t e  room temperature s t r e n g t h  
increases as a r e s u l t  o f  aging. For comparison w i t h  SN 40 r o o m  temperature 
r e s u l t s ,  room temperature data r e f l e c t i n g  e f f e c t  of ag ing on u l t i m a t e  and 
y i e l d  s t reng ths  o f  lnconel  617 ( r e f .  15) i s  dep ic ted  i n  f i g .  51. The e s t i -  
mated average room temperature u l t i m a t e  s t reng th  f o r  lnconel  617 m a t e r i a l  from 
SN 40 creep-rupture t e s t  panel hardness readings, t h e  s u p p l i e r  data, and ten- 
s i l e  t e s t  data from t h i s  program f o r  aged lnconel  617 are  a l s o  shown i n  f i g .  51. 
The s t rengthen ing  e f f e c t  i s  most pronounced a t  t h e  panel creep-rupture 
t e s t  temperature o f  1250OF. The l i m i t e d  t e s t  data from t h i s  program (room 
temperature b u r s t  pressure t e s t  o f  SN 40 panel exposed t o  125OOF for 2386 hrs, 
and t e n s i l e  t e s t  r e s u l t s )  tend t o  s u b s t a n t i a t e  t h e  lnconel  617 s t reng th  increase 
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i e r  data f o r  s o l u t i o n  t rea ted ,  c o l d  r o l l e d  sheet. 
ngton AI toys, llInconel A I  toy 617" 20M9-72T-46, 1972. 
i e r  data f o r  s o l u t i o n  t rea ted ,  h o t  r o l l e d  rod. 
Sheet, I n t e r n a t i o n a l  N i c k e l  Company. 
Supp l ie r  data f o r  h o t  r o l l e d  rod, aged 1000 hours a t  16000 F. 
Data Sheet, I n t e r n a t i o n a l  N icke l  Company. 
T e n s i l e  t e s t  data from t h i s  prograrn.AO.015-in. t h i c k  t e s t  sec t ion ,  
brazed w i t h  Pa ln ino  1 and exposed 1000 h r s  a t  16000 F i n  a i r  
(Table 7, data i tem 2).  
Tens i l e  t e s t  da ta  f rom t h i s  pr0gram.A 0.44-in. d iameter t e s t  
sect ion,  pseudo brazed and aged 1000 h r s  a t  1600O F i n  a i r  
(Table 7, da ta  item 2). 
Est imated average room temperature u l t i m a t e  s t r e n g t h  o f  SN 40 
creep-rupture t e s t  panel lnconel  617 base m a t e r i a l  aged f o r  2386 
h r s  a t  1250O F. (Based on hardness read ings  f o r  l o c a t i o n s  1, 2 
and 3 o f  F igu re  50). 
F igure  51.-Effects o f  ag ing on room temperature t e n s i l e  
p r o p e r t i e s  o f  lnconel  617 h o t - r o l l e d  rod. 
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No conc lus ive  data f o r  t h e  e f f e c t  o f  ag ing on t h e  e leva ted  temperature 
s t reng th  o f  lnconel  617 was obtained. An increase i n  e levated temperature 
s t reng th  w i t h  ag ing is, however, an expected c h a r a c t e r i s t i c  on t h e  bas is  o f  
data f o r  s i m i l a r  lnconel  a l l o y s  such as lnconel  625 ( r e f .  16). T h i s  hardening 
e f f e c t  would occur i n  engine panels d u r i n g  operat ion.  E levated temperature 
t e n s i l e  t e s t i n g  o f  aged specimens Is requ i red  t o  determine t h e  e f f e c t s  o f  ag ing 
on e leva ted  temperature s t reng th  of  lnconel  617. 
Conclusion and Recommendations 
Resu l t s  o f  creep-rupture t e s t s  i n d i c a t e  tha t ,  f o r  N icke l  201 panels, t h e  
s t reng th  o f  t h e  P a l n i r o  1 braze j o i n t  approaches t h a t  o f  t h e  parent  metal  a t  
ope ra t i ng  cond i t ions .  The photochemical ly  m i l l e d  channel c o n f i g u r a t i o n  appears 
t o  have an adequate margin a t  t h e  design c o n d i t i o n  o f  1250°F f o r  1000 h r s  a t  
750 ps ig.  The p i n - f i n  design i s  marginal  f o r  t h e  design c o n d i t i o n  o f  1200°F f o r  
1000 h r s  a t  750 psig. An increase i n  t h e  p i n  diameter would be d e s i r a b l e  t o  
p rov ide  a g rea te r  creep-rupture s t reng th  margin. However, t h e  e f f e c t  on t h e  
thermal performance o f  t h e  panel would have t o  be inves t iga ted .  
The lnconel  617 panels brazed w i t h  P a l n i r o  1 braze a l l o y  e x h i b i t e d  an 
adequate creep-rupture design margin, i n  s p i t e  o f  t h e  presence o f  m u l t i r e g i o n a l  
braze j o i n t  s t r u c t u r e s  (see F a b r i c a t i o n  Process Development, lnconel  617 Panels) .  
Creep-rupture t e s t i n g  o f  t h e  p i n - f i n  lnconel  617 panels brazed w i t h  t h e  boronized 
n i c k e l  chrome f i l l e r  a l l o y  i n d i c a t e  a j o i n t  creep-rupture s t reng th  equal t o  t h a t  
o f  t h e  parent  metal a t  ope ra t i ng  cond i t ions .  
PANEL REVERSE BENDING FATIGUE TESTING 
Dur ing t h e  i n i t i a l  phase o f  t h e  program, panel design, mater ia ls ,  and 
f a b r i c a t i o n  processes were se lected.  Panels composed o f  N icke l  201 face  p l a t e s  
and Has te l l oy  X back p l a t e s  and panels f a b r i c a t e d  e n t i r e l y  o f  lnconel  617 were 
i d e n t i f i e d  as t h e  most promis ing candidates f o r  meeting t h e  o v e r a l l  program 
goals. 
Performance P r e d i c t i o n s  
E a r l y  p red ic t i ons ,  based on publ ished data, i nd i ca ted  t h a t  N icke l  201 
would meet t h e  10,000-cycle design goal b u t  would have marginal  creep l i f e .  
lnconel  617 would n o t  meet t h e  c y c l e  l i f e  goal b u t  represented an improvement 
over t h e  H a s t e l l o y  X panels and would have adequate creep l i f e .  Resu l t s  o f  
t e n s i l e  t e s t s  i nd i ca ted  t h a t  t h e  d u c t i l i t y  o f  both N icke l  201 and lnconel  617 
i s  apprec iab ly  reduced by braz ing  and aging, suggest ing a reduc t i on  i n  t h e  
f a t i g u e  l i f e .  A f a t i g u e  t e s t  p lan was, there fore ,  es tab l i shed  t o  o b t a i n  exper i -  
mental data t o  suppor t  t h e  p r e l i m i n a r y  f a t i g u e  l i f e  p r e d i c t i o n s  and m a t e r i a l s  
s e l e c t i o n  . 
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Test  Set up 
The t e s t  apparatus shown i n  f i g .  52 was used t o  apply a known a l t e r n a t i n g  
s t r a i n  by bending t h e  specimen around t h e  opposed curved mandrel surfaces. A 
h y d r a u l i c  ram moved t h e  mandrels through t h e  requ i red  s t r o k e  ( f i g .  53a) w h i l e  
t h e  ends o f  t h e  specimen were r e s t r a i n e d  from moving i n  t h e  d i r e c t i o n  of ram 
t r a v e l  ( f i g .  53b) .  Ram f o r c e  l e v e l s  were monitored by an i n t e g r a l  load c e l l .  
Stroke reve rsa l  was c o n t r o l l e d  by a four-way so leno id  va l ve  and l i m i t  switches. 
Ad jus tab le  con tac ts  pe rm i t ted  c o n t r o l  o f  s t r o k e  length which was r e q u i r e d  due 
t o  v a r i a t i o n s  i n  specimen d e f l e c t i o n  w i t h  mandrel radius.  S t roke  speed was 
c o n t r o l l e d  by t h r o t t l i n g  t h e  f l ow  of h y d r a u l i c  f l u i d  t o  t h e  apparatus. A t imer -  
c o n t r o l l e d  ho ld  was imposed a t  t h e  peak of  t h e  ram t r a v e l  i n  each d i r e c t i o n  for 
the  2 minute hold-t ime t e s t .  Elevated temperature t e s t s  were conducted by 
i n s t a l l i n g  an e l e c t r i c  furnace over t h e  specimen ho ld ing  s e c t i o n  and hea t ing  
t o  t h e  s p e c i f i e d  temperature. The c o n t r o l  system included switches connected 
i n  s e r i e s  w i t h  t h e  pump which a u t o m a t i c a l l y  te rmina ted  t e s t i n g  when t h e  speci-  
men c a v i t y  pressure decayed below a p rese t  value. 
ELECTR 1 C FURNACE 








F igu re  52.-Test apparatus f o r  low c y c l e  f a t i g u e  t e s t s .  
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Spec i men Des i gn 
The d e t a i l e d  design of t h e  f a t i g u e  t e s t  specimens i s  presented i n  f i g s .  54 
through 57). 
s ides of  the  0.060-in-thick support  p la te .  Two tubes p rov ide  f o r  separate pres- 
s u r i z a t i o n  of t h e  upper and lower c a v i t i e s .  The channel specimens f o r  t h e  i n i -  
t i a l  t e s t s  incorporated two channel pa t te rns ,  one o r i e n t e d  l o n g i t u d i n a l l y  and 
one l a t e r a l l y .  F ig .  58 shows a N icke l  201 channel specimen p r i o r  t o  assembly 
for braze and f o l l o w i n g  braze. N icke l  201 specimens were brazed us ing  P a l n i r o  
1 f i  I l e r  a l  loy, 0.001 in. t h i ck .  The braze sur faces  were go ld  p l a t e d  t o  enhance 
a l l o y  f l ow  and wet t ing .  lnconel 617 t e s t  panels were brazed us ing  0.001-in. 
t h i c k  boronized n i c k e l  chrome f o i l .  
The photo-chemical ly machined face p l a t e s  were brazed on bo th  
h 6.01- 
F igu re  54.-Test specimen panel assembly. 
Fo l low ing  braze, t h e  specimens were subjected t o  a 1000-hr argon ag ing  
c y c l e  a t  1450°F i n  p repara t i on  t o  i n i t i a t i o n  of  f a t i g u e  t e s t s .  
Tes t  P I an 
Tes t i ng  was conducted i n  two phases. Dur ing  t h e  f i r s t  phase, channel 
specimens o f  both m a t e r i a l  systems and bo th  channel p a t t e r n  o r i e n t a t i o n s  
( l a t e r a l  and l o n g i t u d i n a l )  were t e s t e d  w i t h  each specimen i n c o r p o r a t i n g  
t h e  two channel pa t te rns .  The b e t t e r  m a t e r i a l  system and t h e  more c r i t i c a l  
channel o r i e n t a t i o n  were i d e n t i f i e d .  Dur ing  t h e  second phase, t h e  balance 
of t e s t i n g  was conducted us ing  t h e  se lec ted  m a t e r i a l  system f o r  a l l  specimens 
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F igu re  55.-Lateral f i n  face  p la te .  
A f t e r  f a b r i c a t i o n ,  a l l  t h e  specimens were subjected t o  a room temperature 
p r o o f  t e s t  a t  1000 p s i g  t o  v e r i f y  pressure containment c a p a b i l i t y  and were then 
aged i n  argon f o r  1000 h r s  a t  1450OF. Proof pressure t e s t s  were repeated f o l -  
lowing t h e  aging cyc le .  
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F i g u r e  56.-Longitudinal f i n  face p l a t e .  
The se lec ted  t e s t  temperatures were 1400°F f o r  t h e  N icke l  201 panels  and 
1600°F for lnconel 617 channel specimens. These temperatures represent  t h e  
a n t i c i p a t e d  maximum face sheet temperatures a t  t h e  design heat  f l u x .  
The reverse  bending f a t i g u e  t e s t s  were conducted w i t h  and w i t h o u t  ho ld 
t imes t o  impose p l a s t i c - c r e e p  (P-C) and p l a s t i c - p l a s t i c  (P-P) t y p e  cycles,  
r e s p e c t i v e l y .  A P-C t y p e  o f  c y c l e  i s  obta ined by loading t h e  specimen and 
then a l l o w i n g  t h e  s t r e s s  t o  r e l a x  w h i l e  m a i n t a i n i n g  a cons tan t  s t r a i n .  
P-P and P-C t ype  loadings are  diagrammed i n  f i g .  59 and 60, r e s p e c t i v e l y .  
A ho ld  t ime of 3 minutes was i n i t i a l l y  s p e c i f i e d  t o  a l l o w  specimens t o  incur  
creep damage. Subsequent ho ld  t i m e  t e s t s  w i t h  both N icke l  201 and lnconel  













SCALE 4/1 A 18619 
Figure  57.-Support p l a t e .  
e s s e n t i a l l y  cons tan t  d u r i n g  t h e  f i n a l  minute of  t h e  dwe l l  per iod.  Rapid load 
r e l a x a t i o n  was recorded i n  t h e  f i r s t  minute fo l lowed by a gradual  decrease 
d u r i n g  t h e  second minute leading t o  a cons tan t  load leve l  for  t h e  remainder 
of  t h e  hold-t ime. A t y p i c a l  3 minute ho ld  curve i s  presented i n  f i g .  61. 
Consequently, a two minute ho ld  t ime was s p e c i f i e d  for  a l l  subsequent P-C 
t y p e  t e s t s .  
The mandrel r a d i i  s e l e c t i o n  f o r  t h e  reverse  bending f a t i g u e  t e s t s  was 
made from e x i s t i n g  t e s t  f i x t u r e  mandrels w i t h  t h e  goal o f  p r o v i d i n g  a good 
spread of data. Mandrel r a d i i  of  9 ,  16, and 32-in. were selected. The t e s t  
m a t r i x  i s  presented i n  Table 22. 
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A. NICKEL 201/HASTELLOY X DETAIL PARTS PRIOR TO ASSEMBLY 
FOR BRAZE 
B. NICKEL 201/HASTELLOY X ASSEMBLY FOLLOWING BRAZE 
F-29846 
F igu re  58.-Nickel 201 reverse bending f a t i g u e  t e s t  specimen. 
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F igu re  59.-P-P cycle.  
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F i g u r e  .60.-P-C cyc le .  
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Figure 61.-Load V S .  time--2 minute hold time test. 
9 16 32 9 16 32 
0 3  1 0 3  1 0 
0 0  1 1 0 0 0  
0 3  4 0 2  3 0 
0 0  2 2 0 0 0  
4 0  3 4 0  0 0 
4 4  3 4 0  0 0 
TABLE 22.-REVERSE BENDING TEST SPECIMEFJ M A T R I X  















Test  Procedure 
The bas ic  t e s t  procedure was as fo l l ows :  
Ad jus t  t h e  ram t r a v e l  t o  produce the  des i red  amount o f  con tac t  between 
t h e  specimen and the  mandrels a t  t e s t  temperature. The c e n t r a l  reg ion  
o f  t h e  t e s t  specimen must conform t o  the  mandrel r a d i u s  t o  g i v e  t h e  
known a l t e r n a t i n g  s t r a i n .  A l i m i t e d  acceptable d e f l e c t i o n  range e x i s t s  
s ince  i n s u f f i c i e n t  d e f l e c t i o n  w i l l  y i e l d  reduced s t r a i n  leve ls ,  and 
excess ive d e f l e c t i o n s  w i l l  produce unacceptable s t r a i n s  a t  t h e  t r a n -  
s i t i o n  from a p r e s s u r i z a t i o n  c a v i t y  t o  s o l i d  metal. 
I n s t a l l  specimen i n  t e s t  machine and connect p r e s s u r i z a t i o n  l ines .  
Heat t h e  specimen t o  t h e  requ i red  t e s t  temperature. 
P ressu r i ze  both panel c a v i t i e s  t o  40 2 5  p s i g  w i t h  n i t r o g e n  and 
r i g  t h e  machine t o  shut  down t h e  t e s t  when t h e  pressure drops t o  
20 2 5  psig.  
Fa t i gue  c y c l e  t h e  t e s t  specimens a t  0.4 t o  0.5 Hz. For t h e  t e s t s  
w i t h  h o l d  time, a 2-minute ho ld  t i m e  was imposed a t  t h e  end o f  each 
s t r o k e  i n  each d i r e c t i o n .  
Cyc le t o  f a i l u r e  one s i d e  o f  t h e  specimen as i nd i ca ted  by pressure 
drop. Record c y c l e s  and cont inue t e s t i n g  u n t i l  t h e  second s i d e  
f a i l s .  Record cyc les.  
Examine t h e  f a i l e d  specimens t o  f i n d  t h e  l o c a t i o n  o f  t h e  f rac tu re .  
Specimens t h a t  f a i l e d  i n  an unusual p a t t e r n  o r  t h a t  f a i l e d  i n  an 
unexpectedly smal l  number o f  c y c l e s  were examined t o  determine t h e  
cause o f  t h e  unusua I behavior. 
To s e t  t h e  proper s t roke,  a c a l c u l a t i o n  was made t o  determine t h e  requ i red  
ram t r a v e l  a t  room temperature t o  produce t h e  end d e f l e c t i o n  necessary t o  wrap 
a 1.5-in. c e n t r a l  reg ion  o f  t h e  specimen around each o f  t h e  9 ,  16, and 32-in. 
r a d i u s  mandrels. C a l i b r a t i o n  t e s t s  were conducted and t h e  r e l a t i v e  thermal 
growths of  t h e  s t a t i o n a r y  housing and t h e  ram/mandrels were measured. 
mal growth o f  t h e  s t a t i o n a r y  housing exceeded t h e  ramhandre1 growth by 0.012-in. 
a t  t h e  t e s t  temperatures o f  1400" t o  1600'F. The thermal growth measurements 
pe rm i t ted  o f f s e t t i n g  t h e  c a l c u l a t e d  s t r o k e  a t  room temperature t o  assure t h a t  
t h e  specimen was centered between t h e  mandrels and w i t h  respec t  t o  t h e  s t a t i o n -  
a ry  housing a t  t h e  t e s t  temperature. 
The t h e r -  
i 
The procedure o f  s e t t i n g  t h e  ram t r a v e l  t o  produce t h e  c a l c u l a t e d  1.5-in. 
con tac t  area between t h e  t e s t  specimen and t h e  mandrel a t  each end o f  t h e  s t r o k e  
(wrap) and b i a s i n g  t h e  room-temperature m idpo in t  s e t t i n g  was used i n  t h e  i n i t i a l  
t e s t s  w i t h  9-in. and 16-in. r a d i u s  mandrels and both N icke l  201 and lnconel  617 
specimens. 
Dur ing t h e  f i n a l  t e s t s ,  it was noted t h a t  t h e  c a l c u l a t e d  ram t r a v e l  
s e t t i n g  f o r  a nominal 1.5-in. wrap, produced excess ive d e f l e c t i o n s  i n  t h e  f i r s t  
few specimens tested,  r e s u l t i n g  i n  premature f r a c t u r e  o f  t h e  face  p la tes .  
e l i m i n a t e  t h e  p o s s i b i l i t y  o f  t h e  unpred ic tab le  end e f f e c t s  i n f l u e n c i n g  t h e  t e s t  
r e s u l t s ,  and s ince  even a 0.200-in. con tac t  area i s  s u f f i c i e n t  t o  induce t h e  
To 
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des i red  face  p l a t e  s t r a i n s ,  t h e  ram t r a v e l  fo r  a l l  subsequent t e s t s  was reduced 
t o  produce approximately 0.50-in. wrap o f  t h e  c e n t r a l  r e g i o n  o f  t h e  specimen 
around t h e  mandrel. Load-def lec t ion  curves  were generated f o r  a l l  t h e  i n i t i a l  
and f i n a l  phase t e s t s  t o  p r o v i d e  supplementary data. 
Test R e s u l t s - - I n i t i a l  Phase 
The i n i t i a l  phase reverse  bending f a t i g u e  t e s t s  were conducted on channel 
specimens o f  both N icke l  201 and lnconel 617 m a t e r i a l  systems. Each specimen 
contained a l a t e r a l  channel and a l o n g i t u d i n a l  channel face p la te .  The t e s t  
r e s u l t s  a re  sumnarized i n  Tables 23, 24 and 25 and shown i n  f i g s .  62 and 63. 
The p r e s s u r i z a t i o n  tubes t o  t h e  l o n g i t u d i n a l  passages o f  SN 2 and SN 8 lnconel  
617 t e s t  specimens were plugged o r  broke o f f  be fo re  t h e  face sheets cou ld  be 
f a t i g u e  f rac tu red .  Consequently, no data i s  presented for these channels. 
For the  N icke l  201 t e s t  specimens us ing  9-in. and 1 6 - i n .  r a d i i  mandrels, 
t he  t e s t  l i f e  and t h e  app l i ed  s t r a i n  r e s u l t  i n  a c a l c u l a t e d  r e d u c t i o n  i n  area 
o f  51 percent by t h e  s t r a i n  range p a r t i t i o n i n g  method. Th is  va lue  was used t o  
update p red ic ted  t e s t  I ives, as presented i n  Tables 23 and 24. 
For lnconel 617, t h e  c a l c u l a t e d  reduc t i on  i n  area of 37.6 percent  r e s u l t e d  
i n  a p red ic ted  LCF I i f e  which agreed w i t h  ac tua l  t e s t  data for  t h e  l a t e r a l  
channel. I t  overest imated t h e  LCF l i f e  for  l o n g i t u d i n a l  channels by a f a c t o r  
o f  approximately 2.5. An average r e d u c t i o n  i n  area o f  30 percent  was se lec ted  
and used t o  update p red ic ted  t e s t  l i v e s  f o r  lnconel 617 specimens, w i t h  and 
w i t h o u t  hold-time, as presented i n  Tab le  23 and 24. 
The averages i n  Table 24 i n d i c a t e  t h a t  t h e  LCF p r e d i c t i o n  techn ique i s  con- 
s e r v a t i v e  for t h e  l a t e r a l l y  o r i e n t e d  channels and o p t i m i s t i c  for  t h e  l ong i tud -  
i n a l l y  o r i e n t e d  channels f o r  t e s t s  w i t h o u t  hold-time, when t h e  above reduc t i on -  
in-area values a r e  used. The reduc t i on  i n  t h e  LCF l i f e  caused by i n t r o d u c t i o n  
of hold t ime  between c y c l e  r e v e r s a l s  was g rea te r  than expected. The e f f e c t  o f  
ho ld  t i m e  was g r e a t e s t  f o r  t h e  l o n g i t u d i n a l  channel o r i e n t a t i o n .  
The reve rse  bending f a t i q u e  t e s t  r e s u l t s  f u r t h e r  i n d i c a t e  t h a t  t h e  l a t e r a l  
channel p a t t e r n  i s  t h e  more c r i t i c a l  of  t h e  two o r i e n t a t i o n s .  The l a t e r a l l y  
o r i e n t e d  channels had t h e  lowest LCF l i f e  i n  a l l  t e s t s  for  a l l  ma te r ia l s .  
Because o f  t h e  d i f f e r e n t  thermal c o n d u c t i v i t i e s  of  N icke l  201 and lnconel 
617, d i f f e r e n t  temperatures and temperature g r a d i e n t s  w i l l  e x i s t  w i t h  t h e  same 
imposed heat f l u x .  The corresponding temperature d i f f e r e n t i a l s  a t  t h e  design 
hea t  f l u x  of 500 Btu /sec- f t2  a r e  shown i n  F i g u r e  64, a long w i t h  t h e  nominal 
sur face  temperatures used i n  t h e  a n a l y s i s  and a b a s i s  f o r  e s t a b l i s h i n g  t e s t  
con d i t i on s . ,
Based on t h e  r e s p e c t i v e  AT'S, t h e  design s t r a i n  l e v e l s  were c a l c u l a t e d  f o r  
bo th  N icke l  201 and lnconel 617 channel specimens and a r e  shown i n  f i g s .  62 and 
63. The r e s u l t i n g  LCF l i f e  p r e d i c t i o n s  for bo th  m a t e r i a l s  a t  t h e  design condi- 
t i o n s  a r e  summarized i n  Table 25 and i n d i c a t e  t h a t  w i t h  e i t h e r  channel o r i e n t a -  
t i o n ,  t h e  p red ic ted  LCF l i f e  f o r  t h e  FJickeI 201/Hastel loy X m a t e r i a l s  combina- 
t i o n  i s  super io r  t o  lnconel 617. 
Consequently, f o r  f i n a l  phase t e s t i n g ,  N icke l  201 was se lec ted  f o r  f u r t h e r  












































TABLE 23.-INITIAL TESTS 
REVERSE BEND I NG FAT IGUE-TEST RESULTS 
NICKEL 201 AND INCONEL 617 CHANNEL SPECIMENS 
Face 
P I a t e  
M a t e r i a  I 
N i c k e  I 
20 1 
I ncone I 
61 7 
Mandre I 
















*Pred i c ted  Cyc I es 
t o  FI 
La tera  I 















j c t u r e  
Long i tud ina l  















Actual  Cyc les 
t o  
La tera  I 















.ac t  u r e  
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* P r e d i c t i o n s  a r e  based on r e d u c t i o n  i n  area o f  51 percent  f o r  N i c k e l  201/ 
H a s t e l l o y  X specimens and a r e d u c t i o n  i n  area o f  30 percent  for  lnconel  617 
specimens, a s  c a l c u l a t e d  from t h e  t e s t  r e s u l t s  f o r  a c t u a l  c y c l e s  t o  f r a c t u r e .  
( 1 )  No data p o i n t  i s  presented because t h e  p r e s s u r i z a t i o n  t u b i n g  t o  these 
passages was plugged o r  broken. 
Tes t  Resu l ts -F ina l  Phase 
T e s t i n g  was i n  accordance w i t h  t h e  t e s t  m a t r i x  presented i n  Table 22. The 
t e s t  r e s u l t s  a r e  summarized i n  Table 26 and i n  f i g .  65 and 66. The p r e d i c t e d  
c y c l e s  t o  f a i l u r e  on Table 26 were based on t h e  data f r o m  t h e  i n i t i a l - p h a s e  
t e s t s ,  Tables 23 and 24, ad jus ted  for  minor d i f f e r e n c e s  i n  specimen t h i c k n e s s  
dimensions. The ad jus ted  data from these t a b l e s  a r e  inc luded i n  f i g s .  65 and 66. 
The equat ions used for  these p r i o r  p r e d i c t i o n s  and t h e  f i n a l  recommended 
equat ions,  as noted i n  f i g .  65 and 66, a r e  discussed below. 
Side 2 o f  SN 2 and s i d e  1 o f  S N  7 l a t e r a l  channel specimens and t h e  s ides  
1 o f  t h e  SN 13 and SN 17 p i n - f i n  specimens e x h i b i t e d  premature leaks i n  an area 
o u t s i d e  o f  t h e  f l e x u r e  zone. The s t r a i n  l e v e l  i n  t h i s  a rea  i s  lower than t h a t  
induced w i t h i n  t h e  c o n t a c t  area by t h e  mandrels. T h i s  suggests d e f e c t i v e  f a c e  
p l a t e  m a t e r i a l s .  Data f o r  these s i d e s  were, t h e r e f o r e ,  e l i m i n a t e d  from 
subsequent eva I uat ions.  
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~ 
Ma te r ia  I 
~ 
N i cke l  201 
lnconel 617 





TABLE 24.-INITIAL TESTS 
AVERAGE TEST RESULTS 














O r i e n t a t i o n  
La te ra  1 
Long i tud ina l  
La te ra  I 
Long i tud ina l  
La te ra  I 
Long i tud ina l  
La te ra  I 
Long i t u d  i na I 
La te ra  I 
L o n g i t u d i n a l  
La te ra  I 
Long i tud ina l  
*Predicted 
Cyc I es 













Actua l  Cyc le  
t o  F r a c t u r e  
(Average 1 
*P red ic t i ons  a r e  based on r e d u c t i o n  i n  area o f  51 percen t  for N i c k e l  201/ 
H a s t e l l o y  X specimens and a r e d u c t i o n  i n  a rea  o f  30 percen t  for  lnconel 617 
specimens, as c a l c u l a t e d  from t h e  t e s t  r e s u l t s  for  a c t u a l  c y c l e s  t o  f rac tu re .  
( 1 )  Average of  t h r e e  specimens. 
(2 )  One specimen tes ted .  
(3 )  Average o f  two specimens. 
( 4 )  Average o f  f o u r  specimens. 
Combined Resu l t s  o 
The combined i n i t i a l  and f i n a  
for  Piickel 201 l a t e r a l  channel and 
and 66 respec t  i ve I y. 
I n i t i a l  and F i n a l  Phases 
phase reve rse  bending f a t i q u e  t e s t  r e s u l t s  
p i n - f i n  specimens a r e  presented i n  f i g s .  65 
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TABLE 25.-COMPARISON OF PREDICTED LIFE AT DESIGN HEAT FLUX 
Ho ld  N 0 
Time Ho I d 
Pred ic ted  L i f e  A t  Design Heat Flux, 
Cycles To F a i l u r e  
Ho ld  No 
Time Hold 
Des i gn 
Goa I 
Cyc I es 
5400 
650 
M a t e r i a l  
Combination 
10,000 8,200 >10,000 
2,000 900 3,500 
L a t e r a l  Channels 
Long i tud ina l  
Channe I s 
Nickel 201/HasteI loy X 
lnconel 617 
10,000 
0 NICKEL ZOl/HASTELLOY X-9 IN. RADIUS, NO HOLD 
A NICKEL 2Ol/HASTELLOY X-16 IN. RADIUS, NO HOLD V INCONEL 617-16  IN. RADIUS, NO HOLD 
0 INCONEL 6 1 7 - 9  IN. RADIUS, NO HOLD 
0 NICKEL ZOI/HASTELLOY x-16 IN. RADIUS. 2 MIN. HOLDO INCONEL 617-6 IN. RADIUS. 2 MIN. HOLD 
F i g u r e  62.-Reverse bending t e s t s  o f  l a t e r a l  channels w i t h  and 
w i t h o u t  h o l d  time, N icke l  201 and lnconel 617. 
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O N I C K E L  ZOl/HASTELLOY X-9 IN. RADIUS, NO HOLD OINCONEL 6 1 7 - 9  IN, RADIUS, NO HOLD 
A N I C K E L  ZOl/HASTELLOY X-16 IN. RADIUS, NO HOLD VINCONEL 617-6  IN. RADIUS, NO HOLD 
F i g u r e  63.-Reverse bending t e s t s  of  l o n g i t u d i n a l  channels w i t h  and 
w i t h o u t  ho ld time, N icke l  201 and lnconel  617. 
OUTER F I B E R  N I C K E L  201 = 1 4 0 0 ° F  ( N O M I N A L )  
INCONEL 6 1 7  = 1 6 0 0 ° F  ( N O M I N A L )  
K E L  201 CHANNEL = 1 7 0 " R  
N I C K E L  201 P I N - F I N  = 1 8 5 " ~  
ONEL 6 1 7  CHANNEL = 3 9 0 " R  
ONEL 617 P I N - F I N  = 3 4 5 " R  
BRAZE JO I N T  
A-31238 
Figure  64.-Cooling j a c k e t  in-depth temperature 
g r a d i e n t s  a t  t h e  design heat  f l u x .  
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( 1 )  D e f e c t i v e  face  p l a t e  m a t e r i a l  on s i d e  w i t h  no en t ry .  
A b a s i c  r e l a t i o n s h i p  from t h e  s t r a i n  range p a r t i t i o n i n g  method o f  a n a l y s i s  
( r e f .  17) was used t o  c a l c u l a t e  t h e  p red ic ted  and t e s t  LCF l i ves .  The bas i c  
equat ion  i s  as fo l lows,  
where : NF = c y c l e s  t o  f a i  l u r e  




D.P. = In- = d u c t i l i t y  
n = s lope  exponent 
R A  = percent  r e d u c t i o n  i n  area 
ncPP = p l a s t i c  s t r a i n  range 
AcpC = s t r a i n  range w i t h  creep 
The parameters C and n a r e  se lec ted  by t r i a l  t o  p r o v i d e  agreement w i t h  t h e  
t e s t  da ta  . 
I n i t i a l  phase f a t i g u e  t e s t  r e s u l t s  i n d i c a t e d  t h a t  a r e d u c t i o n  i n  area (RA)  
of  51 percent  represented a t y p i c a l  measure o f  t h e  d u c t i l i t y  o f  t h e  brazed and 
aged N icke l  201 m a t e r i a l  a t  1400°F. 
An RA o f  51 percent  was used i n  subsequent c a l c u l a t i o n s  t o  determine t h e  
D.P. = 0.713 fac to r .  
element computer model ana lys is .  T h i s  
channels. The peak s t r a i n  range was ca 
a specimen o f  t h i ckness  h on t h e  mandre 
C a l c u l a t i o n  o f  t h e  p l a s t i c  s t r a i n  range, nepp, inc luded a s t r a i n  concen- 
t r a t i o n  f a c t o r  o f  1.7, which was found t o  be a t y p i c a l  va lue  by an ANSYS f i n i t e  
a c t o r  was used for  p i n  f i n s  and l a t e r a l  
c u l a t e d  by cons ide r ing  t h e  Itwrap1l of 
1.7h 
L 
o f  r a d i u s  R. 
The p l a s t i c  s t r a i n  was ob ta ined by s u b t r a c t i n g  t h e  e l a s t i c  s t r a i n  range, 
determined on t h e  bas i s  o f  y i e l d  s t ress ,  uys, and t e n s i l e  modulus, E, a t  
t e s t  temperature. 
The i n i t i a l  phase reve rse  bending t e s t s  were l i m i t e d  t o  mandrel r a d  
and 16 inches. The da ta  i n  
channel c o n f i g u r a t i o n s  w i t h  
r0 .595 D.P.1 
as 
t h e  
i o f  9 
a t e r a l  i c a t e d  t h a t  t h e  LCF l i f e  o f  t h e  p i n - f i n  and 
no-hold t i m e  can be represented by t h e  r e l a t i o n  
.6 
100 
and w i t h  2 min. ho ld  t ime, t h e  r e l a t i o n  
0.435 D.P 1 n 6 7  
= [ k p p  ] 
Resu l t s  o f  t h e  f i n a l  phase LCF t e s t s  i n d i c a t e  t h a t  t h e  f a t i g u e  l i f e  p red ic -  
t i o n s  can be b e t t e r  approximated by t h e  f o l l o w i n g  mod i f i ed  equat ions:  
NF = [ o ' ~ ~ p ~ * ~ 2  p in - f i ns ,  no ho ld  t i m e  
p i n  f i ns ,  2.0-minute h o l d  t i m e  
NF = I AEpc I 
L J 
0.47 D.P. 
l a t e r a l  channels, no h o l d  t i m e  " = [  ] 
0.324 D.P. 
NF = [ ] l a t e r a l  channels, 2.0-minute h o l d  t i m e  
These equat ions a r e  p l o t t e d  i n  f i g s .  65 and 66 and demonstrate t h e  
r e l a t i o n s h i p  between t h e  p red ic ted  and ac tua l  LCF t e s t  l i ves .  
I n  an a c t u a l  engine panel t h e  thermal p r o t e c t i o n  system (TPS) sur face  i s  
sub jec ted  t o  b i a x i a l  compression on heat-up and t o  b i - a x i a l  t ens ion  on cooldown 
due t o  t h e  r e s t r a i n i n g  e f f e c t  o f  t h e  suppor t  p l a t e .  I n  a b i a x i a l  s t r e s s  f i e l d  
where t e n s i l e  and compressive s t resses  e x i s t  s imul taneously  i n  bo th  axes, t h e  
e f f e c t i v e  s t r a i n  a p p l i e d  t o  an element w i l l  be less  than t h a t  which would e x i s t  
i f  t h e  same s t r e s s  l eve l  was app l i ed  u n i a x i a l l y .  
The reverse  bending t e s t s  conducted on t h e  channel specimens s imu la te  
u n i a x i a l  loading. As a r e s u l t ,  t h e  LCF l i f e  p r e d i c t i o n s  o f  an engine panel 
based on t h e  low c y c l e  f a t i g u e  l i f e  o f  l a t e r a l  channels would be conservat ive;  
comparisons made on t h e  b a s i s  o f  t h e  LCF l i f e  p r e d i c t i o n s  o f  l o n g i t u d i n a l  
channels would be o p t i m i s t i c .  For a g iven s t r a i n  (and hence a corresponding 
e q u i v a l e n t  panel A T ) ,  t h e  average o f  t h e  LCF l i v e s  f o r  l a t e r a l  and l o n g i t u d i n a l  
channels i s  a b e t t e r  measure o f  t h e  l i f e  expectancy f o r  t h e  b i a x i a l  s t r e s s  
c o n d i t i o n  i n  an engine panel. The LCF l i f e  p r e d i c t i o n s  f o r  t h e  channel 
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c o n f i g u r a t i o n  presented i n  f i g .  67 a r e  ad jus ted  t o  s imu la te  a b i a x i a l  s t r e s s  
c o n d i t i o n  by m u l t i p l y i n g  t h e  t e s t  l i f e  o f  t h e  l a t e r a l  channels by t h e  f o l l o w i n g  
r a t i o :  
l a t e r a  I channe I s + long i t u d  i na I channe I s 
I a te ra  I channe I s 
where 
PI = Tes t  LCF I i f e  
LCF curves presented i n  f i g .  67 assume t h a t  i n  ac tua l  a p p l i c a t i o n ,  80 per-  
cen t  o f  engine opera t i on  w i l l  be over 2 minutes i n  d u r a t i o n  and 20 percent  w i l l  
be less  than 2 minutes i n  dura t ion .  The f o l l o w i n g  r e l a t i o n s h i p  was used t o  
c a l c u l a t e  t h e  f i n a l  va lue  o f  t h e  p red ic ted  LCF l i f e .  
L i f e  = ( L i f e  w i t h  ho ld  t i m e  x 0.80) + ( L i f e  w i t h o u t  ho ld  t i m e  x 0.20) 
Conclusions and Recommendations 
The goal  o f  t h i s  s e r i e s  o f  t e s t s  was t o  assess t h e  l i f e  o f  t h e  thermal 
p r o t e c t i o n  surface, us ing  t h e  se lec ted  m a t e r i a l s  and passage con f igu ra t i ons ,  
w i t h  a goal  o f  10,000-cycle l i f e  a t  t h e  design hea t  f l u x .  
I n i t i a l  phase reve rse  bending f a t i g u e  t e s t s  were conducted on channel 
specimens o f  t h e  se lec ted  ma te r ia l s ,  N i c k e l  201 and lnconel  617, and on l a t e r a l  
and l o n g i t u d i n a l  channel p a t t e r n  o r i e n t a t i o n s .  Resu l t s  i n d i c a t e d  t h a t  t h e  l a t -  
e r a l  channel p a t t e r n  was t h e  more c r i t i c a l  o f  t h e  two o r i e n t a t i o n s .  With e i t h e r  
channel o r i e n t a t i o n ,  t h e  p red ic ted  LCF l i f e  f o r  N icke l  ZOl /Haste l loy X m a t e r i a l s  
combinat ion was super io r  t o  lnconel  617. 
N icke l  201 was se lec ted  f o r  f u r t h e r  e v a l u a t i o n  i n  t e s t s  us ing  both p i n - f i n  
and l a t e r a l  channel p l a t e s  i n  t h e  f i n a l  phase t e s t i n g .  T e s t  r e s u l t s  i n d i c a t e  
t h a t  w i t h  N icke l  201 i n  both p i n - f i n  and channel c o o l a n t  passage con f igu ra t i ons ,  
t h e  design goal o f  a 10,000-cycle l i f e  can be achieved. 
The data ob ta ined from t h e  panel reve rse  bending f a t i g u e  t e s t s  e x h i b i t  a 
T h i s  i s  a very s a t i s f a c t o r y  grouping f o r  f a t i g u e  da ta  and 
maximum s c a t t e r  f a c t o r  o f  about 5. Most o f  t h e  r e s u l t s  a r e  w i t h i n  a f a c t o r  o f  
2 on c y c l e . l i f e .  
leads t o  conf idence i n  t h e  t e s t  method and r e p r o d u c i b i l i t y  o f  r e s u l t s .  
The t e s t  method i t s e l f  i s  based on s i m u l a t i o n  o f  t h e r m a l l y  induced s t r a i n s  
by t h e  imposing o f  mechanical s t r a i n s  a t  isothermal  cond i t i ons .  Eva lua t i on  o f  
f a t i g u e  performance under thermal c o n d i t i o n s  t h a t  s imu la te  ac tua l  engine opera- 
t i o n  i s  d e s i r a b l e  f o r  v e r i f i c a t i o n  o f  s t r u c t u r a l  l i f e .  The temperature g rad i -  
en ts  t h a t  e x i s t  under ope ra t i ng  c o n d i t i o n s  prec lude simultaneous s imu la t i on  o f  
s t r a i n s  i n  a l l  p a r t s  o f  t h e  s t r u c t u r e  us ing  isothermal  t e s t  cond i t ions .  Sub- 
element t e s t s  can be designed t o  s u b j e c t  t h e  cooled s t r u c t u r e  t o  t h e r m a l l y  
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F igu re  67.-Predicted c y c l e  I i f e  vs. AT between thermal p r o t e c t i o n  





i s t i c  s 
s t r a i n s  us ing  e i t h e r  s t a t i c  load ing  ( e l e c t r i c a l  hea t ing )  or  
(wind tunne ls ) .  The h i g h  f l u x  loadings o f  i n t e r e s t  i n  t h i s  
y favo r  t e s t i n g  i n  h i g h  temperature, h i g h  Mach number tunne 
mu la t i on .  
dynamic 
a p p l i c a t i o n  
s f o r  r e a l -  
PANEL FLUIDIZED BED TESTING 
The f u e l  i n j e c t i o n  s t r u t s  designed f o r  t h e  scramje t  c o n s i s t  o f  a p i n - f i n  
N icke l  201 c o o l i n g  system brazed t o  an lnconel  718 support  s t r u c t u r e .  These 
two m a t e r i a l s  d i f f e r  i n  thermal expansion c o e f f i c i e n t s .  T e s t i n g  i n  a f l u i d i z e d  
bed was se lec ted  t o  eva lua te  t h e  low c y c l e  f a t i g u e  l i f e  o f  t h i s  m a t e r i a l  system. 
T h i s  was done t o  p r o v i d e  a more r e p r e s e n t a t i v e  thermal environment than a v a i l -  
ab I e w i t h  reverse  bend i ng tes ts .  
Specimen Design 
The design o f  t h e  f l u i d i z e d  bed t e s t  specimen i s  shown i n  f i gs .  68 and 69. 
The specimen c o n s i s t s  o f  an lnconel  718 sheet  w i t h  a FJickel 201 face  sheet 
brazed t o  each side. Each face  sheet con ta ins  a p i n - f i n  m a t r i x  which i s  i d e n t i -  
c a l  t o  t h a t  o f  t h e  reve rse  bending p i n - f i n  t e s t  specimen. The o v e r a l l  s i z e  o f  
t h e  f l u i d i z e d  bed t e s t  specimen, was m i n i m i z e d  t o  reduce  the rma l  l ag  o f  t h e  
heav ie r  edge s e c t i o n  and ensure f a i l u r e  i n  t h e  m a t r i x  area. 
a r e  incorpora ted  t o  p rov ide  for  symmerical h e a t i n g  o f  t h e  specimen, thereby 
p rec lud ing  bowing o f  t h e  specimen du r ing  h e a t i n g  and coo l ing .  
i nco rpo ra te  p r o v i s i o n s  for  p r e s s u r i z i n g  each c o o l i n g  passage independently. 
Two face  sheets 
The face  p l a t e s  
P a l n i r o  1 f i l l e r  a l l o y ,  0.001-in. t h i c k  was used i n  b raz ing  t h e  N icke l  201 
p i n - f i n  face  sheets t o  t h e  lnconel 718 suppor t  p la te .  Tes ts  w i t h  braze evalua- 
t i o n  specimens i n d i c a t e d  no d i f f e r e n c e  i n  braze j o i n t  q u a l i t y  between go ld  
coated, n i c k e l  coated, and uncoated braze surfaces. A l l  specimens showed 
e x c e l l e n t  w e t f i n g  and f i l l e t i n g .  
however, a l l  t e s t  specimens were p l a t e d  w i t h  a f l a s h  c o a t i n g  o f  0.00005 t o  
0.0001-in. t h i c k  n i c k e l  on t h e  braze surfaces. 
For added assurance o f  braze j o i n t  q u a l i t y ,  
Fo l l ow ing  braze, t h e  specimens were pressure  t e s t e d  and h o l o g r a p h i c a l l y  
examined. Fig. 70 i s  t y p i c a l  r e s u l t  o f  t h e  ho log raph ic  i nspec t i on  performed on 
t h e  f l u i d i z e d  bed t e s t  specimens. T h i s  panel shows unbrazed p i n s  on one side. 
Unbrazed p i n s  occur red  a long t h e  edges o f  some o f  t h e  o t h e r  panels. Such vo ids  
would r e s u l t  i n  reduced face  sheet l i f e .  The panels were, nevertheless,  t e s t e d  
as is ,  t o  avo id  impos i t i on  of  e f f e c t s  from a d d i t i o n a l  b raze  cycles.  
P r i o r  , to  t e s t i n g ,  t h e  t e s t  specimens were aged i n  argon a t  1450°F for  1000 
hrs. 
T e s t  Setup and Procedure 
The t e s t  setup f o r  t h e  f l u i d i z e d  bed t e s t s  i s  shown i n  f i g .  71. An adapter 
Fig. 
p la te ,  f i g .  72 was used f o r  mounting t h e  c a l i b r a t i o n  and t h e  t e s t  specimens 
on t h e  p lunger  arm f o r  sequent ia l  immersion i n t o  t h e  h o t  and c o l d  beds. 
72 presents  a photograph o f  t h e  c a l i b r a t i o n  t e s t  specimen i n s t a l l e d  on t h e  
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F igu re  69.-Test specimen panel assembly 
A-18680 
F-34952 
F i g u r e  70.-Fluidized bed f a t i g u e  t e s t  specimen 
ho lograph ic  i nspec t i on  SN 1 a t  1000 ps ig.  
106 
a. FLUIDIZED BED TEST RIG 
b. TEMPERATURE RECORDING EQUIPMENT 
F-34958 
Figure 7 1 . - F l u i d i z e d  bed t e s t  setup. 
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F-34930 
F igu re  72.-Cal ibrat ion t e s t  specimen i n s t a l l a t i o n  
f o r  f l u i d i z e d  bed t e s t s .  
adapter p l a t e  and t h e  plunger arm. One t o  t h r e e  dummy p l a t e s  were i n s t a l l e d  
d u r i n g  f a t i g u e  and c a l i b r a t i o n  tes ts ,  r e s p e c t i v e l y ,  t o  achieve a c o n s i s t e n t  
hea t ing  r a t e  f o r  a l l  t h e  specimens. 
The setup permi ts  t e s t i n g  o f  one t o  f o u r  panel assemblies a t  temperatures 
t o  1800°F and pressures t o  1000 psig.  Upon f a i l u r e  o f  an i n d i v i d u a l  panel, 
v a l v i n g  w i l l  permi t  i d e n t i f i c a t i o n  and i s o l a t i o n  w i t h  t e s t  i n t e r r u p t i o n  t o  
t h a t  c i r c u i t  only. A t i m e r  i n  t h e  t e s t  machine c o n t r o l  apparatus al lowed f o r  
t h e  automat ic c y c l i n g  o f  t h e  specimen between t h e  h o t  and c o l d  beds. 
T e s t  Resu I t s  
The t e s t  r e s u l t s  ind cated t h a t  t h e  design temperature d i f f e r e n t i a l  between 
t h e  N icke l  201 face sheet and t h e  lnconel 718 support  p l a t e  cannot be obtained 
when t h e  face sheet i s  a t  t h e  1390°F opera t i ng  temperature. 
induced st resses and s t r a  ns i n  t h e  face sheet a r e  n o t  as severe as those a n t i c -  
ipated i n  an opera t i ng  panel. To cause a face sheet f a i l u r e  i n  less than 1000 
cycles,  a AT of  340°F i s  requ i red  when t h e  face sheet i s  a t  1390°F. The l a r g e s t  
AT obtained d u r i n g  t e s t  was 113°F a t  a face sheet temperature o f  521°F. The 
corresponding l i f e  i s  over 19,000 cycles. 
Consequently, 
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L i m i t e d  v e r i f i c a t i o n  of  t h e  a b i l i t y  of  t h e  P a l n i r o  1 braze j o i n t ,  however, 
was obta ined d u r i n g  t h e  f l u i d i z e d  bed t e s t s .  
and thermal s t r e s s  i n  t h e  braze j o i n t  w i t h  t h e  j o i n t  and face sheet a t  1180°F 
(8,400 p s i )  i s  comparable t o  t h e  c a l c u l a t e d  s t r e s s  a t  t h e  design c o n d i t i o n  w i t h  
a 1390°F face sheet and a 1180°F braze j o i n t  (7,930 p s i ) .  Tests  a t  a cons tan t  
specimen temperature of 1180°F i n d i c a t e d  tha t ,  a f t e r  approx imate ly  100 cycles,  
areas w i t h  sound braze as determined by p r e t e s t  ho lograph ic  examination, 
remained i n t a c t .  M e t a l l u r g i c a l  e v a l u a t i o n  o f  these j o i n t s  showed no d i s t r e s s e d  
areas. 
The c a l c u l a t e d  combined pressure 
Conclusions and Recommendations 
abi  I 
s ion  
t e s t  
ma I 
The low-cycle f a t i g u e  l i f e  c a p a b i l i t y  of  t h e  N icke l  20 l / lncone l  718 m a t e  
r i a l  system was n o t  demonstrated d u r i n g  t h e  f l u i d i z e d  bed t e s t s  because t h e  
r e q u i r e d  t e s t  c o n d i t i o n s  cou ld  n o t  be achieved. A l i m i t e d  v e r i f i c a t i o n  o f  t h e  
t y  of t h e  P a l n i e r o  1 braze j o i n t  t o  accommodate t h e  c o e f f i c i e n t  of  expan- 
mismatch between t h e  m a t e r i a l s  was obtained. F u r t h e r  t e s t i n g ,  w i t h  r e v i s e d  
specimen and sound braze j o i n t s ,  i s  recommended t o  eva lua te  t h e  f u l  I ther -  
i f e  c a p a b i l i t y  of t h e  N icke l  201/lnconel 718 m a t e r i a l  combination. 
CONCLUDING REMARKS 
R e s u l t s  of t h e  s tudy i n d i c a t e  t h a t  t h e  b a s i c  goal o f  i n c r e a s i n g  t h e  l i f e  of 
hydrogen cooled s t r u c t u r e s  two orders  of magnitude r e l a t i v e  t o  t h a t  of t h e  
Hypersonic Research Engine can be reached u s i n g  a v a i l a b l e  m a t e r i a l s ,  f a b r i c a t i o n  
technologies,  and j o i n i n g  methods. (The Hypersonic Research Engine, which used 
brazed H a s t e l l o y  X p l a  e - f i n  c o o l a n t  passages, had a design l i f e  of 100 thermal 
c y c l e s  and 10 hours. )  However, t h e  study, which cons is ted  o f  p r e l i m i n a r y  
screening o f  concepts, m a t e r i a l s ,  and f a b r i c a t i o n  techniques p l u s  a n a l y s i s  and 
t e s t i n g ( i n c 1 u d i n g  t e n s  l e ,  creep r u p t u r e ,  and f a t i g u e  t e s t s ) ,  a l s o  i n d i c a t e d  
t h a t  t h e  increase i n  I f e  was n o t  as g r e a t  as a n t i c i p a t e d  based on pub l ished 
m a t e r i a l  p r o p e r t i e s .  
The c o o l i n g  j a c k e t  concepts t h a t  evolved from t h e  i n i t i a l  screening and 
were t h e  s u b j e c t  of t h e  d e t a i l e d  a n a l y s i s  and t e s t i n g  cons is ted  of e i t h e r  
r e c t a n g u l a r  grooves or p i n - f i n s  photo-chemical ly  machined i n t o  e i t h e r  N i c k e l  201 
or lnconel  617 s k i n s  t h a t  were brazed t o  a back ing p l a t e  t o  form t h e  c o o l a n t  
f low channels. 
m a t e r i a l  a t  t h e  back o f  t h e  passage where t h e  temperatures a r e  lowest.  The 
i n i t i a l  screening i n d i c a t e d  t h a t  t h e  r e c t a n g u l a r  channels had t h e  longest  l i f e  
p o t e n t i a l ;  however, t h e  p i n - f i n  passages were a l s o  r e t a i n e d  because t h e y  
prov ided h igher  heat  t r a n s f e r  c a p a b i l i t y ,  a l b e i t  a t  t h e  expense of h igher  
pressure drop, s u i t a b l e  for  reg ions  of very  h i g h  heat  f l u x .  S i m i l a r l y ,  N i c k e l  
201 o f f e r e d  t h e  p o t e n t i a l  of longer l i f e  b u t  t h e  creep r u p t u r e  performance 
appeared quest ionable;  there fore ,  lnconel  617 was a l s o  r e t a i n e d  because i t  
appeared t o  have adequate creep l i f e .  P a l n i r o  1 was se lec ted  as t h e  pr imary 
f i l l e r  a l l o y  used f o r  b r a z i n g  bo th  m a t e r i a l s .  
T h i s  approach p o s i t i o n s  t h e  r e l a t i v e l y  weaker braze j o i n t  
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T e n s i l e  t e s t s  of specimens subjected t o  pseudo-braze and age c y c l e s  
i n d i c a t e d  t h a t  t h e  d u c t i l i t y  of bo th  N i c k e l  201 and lnconel  617 was s u b s t a n t i a l l y  
reduced by t h e  combined e f f e c t s  of b r a z i n g  and aging. These f i n d i n g s  were sub- 
s t a n t i a t e d  by low c y c l e  f a t i g u e  t e s t s  o f  ho l low bar lnconel  617 specimens which 
i n d i c a t e d  s i g n i f i c a n t  r e d u c t i o n s  i n  f a t i g u e  l i f e .  The reduc t ions  i n  l i f e  were 
commensurate w i t h  t h e  loss i n  d u c t i l i t y  and cou ld  be p r e d i c t e d  a n a l y t i c a l l y  i f  
t h e  a p p r o p r i a t e  r e d u c t i o n  i n  area was used i n  t h e  f a t i g u e  c a l c u l a t i o n s .  T e n s i l e  
t e s t s  o f  specimens aged i n  argon ( t o  separate t h e  e f f e c t s  o f  braze c y c l e  and 
ag ing  from those o f  o x i d a t i o n )  produced marked improvements i n  r e d u c t i o n  i n  
area r e l a t i v e  t o  r e s u l t s  ob ta ined w i t h  specimens aged i n  a i r ;  however, measured 
r e d u c t i o n s  i n  area were w e l l  below values l i s t e d  i n  t h e  l i t e r a t u r e  even for  t h e  
argon-aged specimens. S ince i n  t h e  intended engine a p p l i c a t i o n  
s t r u c t u r e  w i l l  be o p e r a t i n g  i n  an oxygen d e f i c i e n t  environment, 
atmosphere was deemed t o  be more r e p r e s e n t a t i v e  than a i r  and was 
a l l  subsequent t e s t  specimens. 
Creep r u p t u r e  t e s t s  o f  f a b r i c a t e d  c o o l a n t  passage specimens 
he coo led  
he argon 
used for  ag ing  
produced 
creep-rupture resu  I t s  t h a t  agreed c I ose I y w i t h  p r e d i c t e d  I i ves i n d i c a t  i ng t h a t  
s t r e n g t h  i s  n o t  apprec iab ly  reduced by b r a z i n g  and aging. 
lnconel  617 specimens brazed w i t h  P a l n i r o  I met ( Inconel  617 exceeded) t h e  
design life goal of 1000 h r s .  However, for lnconel 617 the braze joint was 
found to be t h e  weak l i n k  and even longer  creep-rupture l i f e ,  approaching t h a t  
of t h e  Darent meta l .  was ob ta ined us ina  boronized n i c k e l  chrome as t h e  b r a z i n a  
Both Nicke' l  20.1 and 
4 4 
a1 toy. 
R e s u l t s  of isothermal reversed bending f a t i g u e  t e s t s  i n d i c a t e d  t h a t  t h e  
advanced f a b r i c a t i o n  techniques of t h i s  s tudy have s i g n i f i c a n t l y  increased t h e  
f a t i g u e  l i f e  of t h e  c o o l a n t  passages r e l a t i v e  t o  t h e  brazed p l a t e - f i n  H a s t e l l o y  
X passage technology o f  t h e  Hypersonic Research Engine. For c o n d i t i o n s  
corresponding t o  t h e  design heat  f l u x ,  t h e  est imated l i f e  (based on r e s u l t s  o f  
t e s t s  of speclmens t h a t  had been pre-aged for  1000 h r s  a t  145OOF) i s  19,000 
c y c l e s  for  t h e  N icke l  201 channel c o n f i g u r a t i o n  and 16,000 c y c l e s  for  t h e  
p i n - f i n  c o n f i g u r a t i o n .  For t h e  lnconel channel c o n f i g u r a t i o n ,  t h e  est imated 
l i f e  i s  1000 cyc les ,  whereas f o r  t h e  e a r l i e r  brazed p l a t e - f i n  H a s t e l l o y  X 
c o n f i g u r a t i o n  t h e  est imated l i f e  i s  o n l y  430 cyc les .  At tempts t o  determine t h e  
e f f e c t s  o f  d i f f e r e n c e s  i n  t h e  c o e f f i c i e n t  o f  thermal expansion on f a t i g u e  l i f e  
of a c o n f i g u r a t i o n  composed of N icke l  201 c o o l a n t  passages brazed t o  an lnconel 
718 suppor t  s t r u c t u r e  u s i n g  a f l u i d i z e d  bed t e s t  technique were unsuccessful  
because o f  an i n a b i l i t y  t o  e s t a b l i s h  t h e  r e q u i r e d  temperature d i f f e r e n c e  between 
t h e  h o t  sur face  and t h e  suppor t  s t r u c t u r e .  
Addi t i .onal  research i s  r e q u i r e d  t o  e s t a b l i s h  t h e  f a t i g u e  c h a r a c t e r i s t i c s  o f  
t h e  d i s s i m i l a r  metal c o o l a n t  passages (N icke l  2 0 l / l n c o n e l  7181, which i s  t h e  
c o n f i g u r a t i o n  p r e s e n t l y  env is ioned for  t h e  scramjet  f u e l  s t r u t ;  and t o  
i n v e s t i g a t e  t h e  e m b r i t t l i n g  e f f e c t s  o f  t h e  hydrogen c o o l a n t  on t h e  c o o l a n t  
passage which i s  a p o t e n t i a l  problem t h a t  was n o t  i n v e s t i g a t e d  i n  t h e  present  
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